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ABSTRACT 


It  was  recently  shown  by  Tuckerman  and  Pease  that  heat  loads  on  the  order  of  1000  W  cm2 
can  be  dissipated  from  silicon  integrated  circuit  chips.  The  high  power  dissipation  was  obtained 
while  maintaining  chip  temperatures  below  1 10°C,  by  forcing  water  through  microchannels 
fabricated  directly  into  the  back  of  the  chip.  The  coolant  (water)  pressure  drop  was  typically 
345  kPa  (50  psi)  or  smaller,  and  thermal  resistance  as  low  as  0.083°C/(W/cm2)  has  been 
obtained  for  a  1.0-cm  square  heat  source.  The  theoretical  analysis  of  Tuckerman  and  Pease 
was  simplified  in  that  the  coolant  flow  was  assumed  to  be  laminar  and  fully  developed,  which 
implies  an  “optimum"  design  channel  width  (typically  wc  **  ~50  jum). 

The  current  study  extends  the  theoretical  analysis  of  Tuckerman  and  Pease  to  include  small-, 
moderate-,  and  large-aspect-ratio  channels,  for  fully  developed  and  developing  flow  in  the 
laminar  and  turbulent  regimes.  The  channel  surfaces  may  be  smooth  or  roughened  with 
repeated-ribs.  Variable  property  effects  are  included  for  the  chip  material  and  the  liquid 
coolant  (compressibility  effects  have  not  been  included).  Thermal  spreading  at  the  periphery 
of  the  simulated  integrated  circuit  heat  source  is  also  accounted  for  using  simplified  one¬ 
dimensional  models.  A  novel  method  to  enhance  the  temperature  uniformity  of  integrated 
circuits,  which  uses  “compensation  heaters,"  is  introduced. 

To  facilitate  numerical  computation,  a  new  computer  program  has  been  created  which  com¬ 
putes  the  thermal  and  fluid  performance  for  a  large  variety  of  coolant  flow  rate  constraints 
and  heat  sink  designs.  The  numerical  results  clearly  show  that  essentially  the  same  thermal 
performance  can  be  obtained  by  increasing  the  channel  width  from  that  suggested  by  the 
analytical  results  of  Tuckerman  and  Pease.  Increasing  the  channel  width  causes  the  flow  to 
become  less  fully  developed  at  the  channel  exit  (for  the  same  coolant  pressure  drop),  and  also 
causes  the  flow  to  become  turbulent  if  the  Reynolds  number  is  large  enough.  The  pumping 
power  requirements  for  the  larger  channel  designs  can  be  kept  below  10  W/cm2.  The  larger 
channel  width  designs,  which  are  commonly  on  the  order  of  wc  =  200  to  400  jum,  are  also 
much  easier  to  fabricate. 

The  computer  program,  called  MICROHEX,  can  be  used  as  a  design  tool  because  it  quite 
accurately  predicts  the  thermal  and  fluid  performance  data  for  silicon  microchannel  heat 
sinks  that  were  obtained  by  Tuckerman  and  Pease.  The  computer  program  also  predicts  quite 
well  the  thermal  and  fluid  performance  data  for  indium  phosphide  microchannel  heat  sinks 
that  were  obtained  by  this  author.  The  indium  phosphide  microchannel  heat  sinks  have  been 
tested  to  a  pressure  drop  as  high  as  about  414  kPa  (60  psi),  and  a  thermal  resistance  as  low  as 
0.072°C/(W/cm2)  for  a  0.25-cm  square  resistor  heat  source. 
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FORCED-CONVECTION,  LIQUID-COOLED, 
MICROCHANNEL  HEAT  SINKS 

1.0  THERMAL  MANAGEMENT  OF  MICROELECTRONICS 


The  discussion  in  this  section  will  first  review  the  trends  in  computer  microelectronics  which 
continue  to  cause  increasingly  denser  circuit  integrations,  larger  power  densities,  and  more  strin¬ 
gent  temperature  constraints.  The  discusison  then  turns  to  a  brief  overview  of  the  heat  dissipation 
capabilities  of  state-of-the-art  heat-sink  technology  used  to  cool  “today's”  computers.  A  relatively 
new  technology,  microchannel  heat  sinks,  will  be  introduced  that  can  offer  two,  three,  and  per¬ 
haps  larger  orders-of-magnitude  increases  in  the  heat  allowable  dissipation  of  microelectronics. 
MicroChannel  heat  sinks  are  the  primary  topic  of  this  report,  and  the  discussion  at  the  end  of 
this  section  outlines  the  presentation  in  the  remainder  of  this  treatise. 

1.1  TRENDS  IN  COMPUTER  MICROELECTRONICS 

Discounting  the  abacus  and  the  slide  rule,  computing  machines  have  existed  since  the  time  of 
Pascal.  The  computer  revolution,  though,  really  did  not  get  started  until  1958  when  the  silicon 
integrated  circuit  was  invented.  Since  then,  the  development  of  microelectronics  has  been  charac¬ 
terized  by  successive  revolutions  in  device  technology.  The  path  of  development  has  been  primar¬ 
ily  from  TTL  to  ECL  to  NMOS  and  most  recently  to  CMOS.  Other  device  technologies  exist, 
but  many  are  still  in  the  development  stage. 

Since  the  invention  of  the  silicon  integrated  circuit,  there  has  been  in  excess  of  a  five-orders- 
of-magnitude  increase  in  circuit  integration  (the  total  number  of  components  on  a  chip).  Part  of 
this  increase  can  be  traced  to  growth  in  chip  size,  where  the  characteristic  dimensions  have  gone 
from  about  1  mm  in  1965  to  about  4  to  8  mm  in  1985.  The  remainder  of  the  increase  in  circuit 
integration  can  be  primarily  traced  to  the  reduction  in  the  integrated  circuit  feature  size,  which  is 
today  generally  <1.0  fj. m  and  rapidly  approaching  the  size  of  0.1  jum.  In  fact,  silicon  MOSFETs 
have  been  made  with  features  as  small  as  0.025  jum,  which  is  on  the  order  of  one  hundred  atoms 
across  [Howard  (1986)]. 

The  increase  in  circuit  integration  continues  to  be  driven  by  the  need  for  increased  process¬ 
ing  speed.  Processing  speed  is  dependent  upon  the  signal  delay  times  which  are  directly  propor¬ 
tional  to  the  physical  length  of  interconnections  between  circuit  components.  The  characteristic 
signal  delay  times  of  several  important  device  technologies  are  shown  in  Figure  1-1.  A  measure  of 
the  processing  speed  is  how  many  millions  of  instructions  per  second  (MIPS)  can  be  executed. 

The  number  of  MIPS  and  the  total  power  dissipation  of  a  chip  are  both  directly  proportional  to 
the  packaging  density.  As  shown  in  Figure  1-2,  the  power  dissipation  per  MIPS  has  been 
decreasing  on  the  system  level.  At  the  component  level,  the  chip  power  dissipation  has  been 
rapidly  increasing  due  to  the  tremendous  increase  in  the  MIPS/chip  (which  may  be  crudely  esti¬ 
mated  by  multiplying  the  upper  and  lower  portions  of  Figure  1-2). 
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Figure  l -l  Power-delay  continuums  of  important  transistor  technologies. 
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Figure  1-2.  General  trends  for  MIPS  vs  power. 


3 


The  increase  in  the  chip  power  dissipation  has  greatly  complicated  thermal  management  of 
microelectronics.  To  appreciate  the  magnitude  of  the  problem,  consider  a  state-of-the-art  single 
chip  module  which  has  a  maximum  chip  heat  flux  of  40  W/cm2  (Sperry  Compact  HX  discussed 
in  Section  1.2).  The  heat  flux  of  this  chip  is  only  about  150  times  less  than  the  heat  flux  at  the 
surface  of  the  sun  which  is  about  6000  W/cm2!  As  shown  in  Figure  1-3,  the  chip  heat  flux  is 
similar  to  that  of  re-entry  from  Earth  orbit! 

Clearly  the  chip  heat  flux  is  large,  but  the  chip  must  also  operate  at  much  lower  tempera¬ 
tures  —  typically  lower  than  120°C.  Such  a  low  temperature  is  dictated  by  stringent  reliability 
constraints.  A  simplified  expression  for  the  failure  rate  of  microelectronics  is  the  Arrehenius  rela¬ 
tion, t  which  is  given  by 

X(T)  =  X(Tr)  exp  [(EA/k)  (Tr1  -T"»)]  (1.1) 


Figure  1-3.  Perspective  of  microelectronic  heat  flux.  [Taken  from  Bar-Cohen  (1985). ] 


t  The  discussion  of  reliability  in  this  report  is  limited  to  a  general  discussion  of  component 
temperature.  Note  that  component  temperature  is  not  the  only  factor  affecting  reliability,  but  it  is 
perhaps  the  most  important.  Good  references  to  obtain  more  information  on  this  topic  are  Baker 
(1971)  and  MIL  HANDBOOK  217D  (1983). 
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where  A(T)  is  the  failure  rate  at  temperature  T  (°K),  A(Tr)  is  the  normalized  failure  rate  at 
temperature  Tr  (°K),  EA  is  the  activation  energy,  and  k  is  Boltzmann's  constant.  Clearly,  the 
failure  rate  decreases  exponentially  with  decreasing  component  temperature.  In  fact,  a  commonly 
used  rule  of  thumb  for  microelectronic  reliability  is  that  a  20°C  decrease  in  component  tempera¬ 
ture  will  typically  result  in  a  50-percent  reduction  in  the  failure  rate.  Continued  pressure  to 
enhance  reliability  will  therefore  demand  reduction  in  the  component  temperatures,  as  well  as 
more  uniform  component  temperatures. 

1.2  STATE-OF-THE-ART  SINGLE-CHIP  AND  MULTI-CHIP-MODULE 
HEAT-SINK  TECHNOLOGY 

Computers  can  be  more  or  less  lumped  into  two  groups  of  classes.  One  group  is  the  cost- 
performance  class  which  includes  desktop,  mini,  and  even  super-minicomputers.  The  other  group 
is  the  high-performance  class  which  includes  mainframes  and  supercomputers.  With  time,  heat 
transfer  technology  used  for  the  high-performance  class  will  make  its  way  into  the  cost- 
performance  class.  Consequently,  the  discussion  here  is  limited  to  heat-transfer  techniques  used 
for  the  high-performance  class,  which  currently  has  chip  internal  thermal  resistance  of  order 
10°C/W  and  smaller. 

The  primary  cooling  methods  used  for  chips  have  been  compared  in  a  trade-off  study  by 
Hannemann  (1980).  His  results  are  shown  in  Table  1-1.  From  this  table,  it  can  be  seen  that  a 
cooling  mechanism  which  performs  relatively  better  in  one  area  also  performs  relatively  poorer  in 
others.  In  part  because  of  this,  most  state-of-the-art  computers  will  use  more  than  one  cooling 
mechanism.  The  detailed  designs  of  the  cooling  systems  currently  used  in  several  state-of-the-art 
computers  have  been  reviewed  and  will  not  be  reconsidered  here  [see,  for  example,  Bar-Cohen 
(1985)  and  Oktay,  Hannemann,  and  Bar-Cohen  (1986)]. 

What  is  important  for  this  study  is  the  ultimate  heat-transfer  capabilities  of  the  high- 
performance  class  of  single-chip  and  multi-chip  modules  listed  in  Table  1-2.  A  glance  at  this  table 
shows  that  the  chip  heat  flux  is  typically  less  than  only  40  W/cm2.  For  the  multi-chip  modules, 
the  average  heat  transfer  over  the  circuit  board  is  limited  to  no  more  than  2.2  W/cm2,  and  the 
heat  density  to  <1  W/cm*! 

What  are  the  heat  dissipation  requirements  of  the  future?  Consider,  for  example,  the  requi¬ 
sites  for  artificial  intelligence  [see  Bar-Cohen  (1985)].  It  has  been  claimed  that  superchips  with  109 
transistors  will  be  barely  adequate  to  meet  the  demands  of  artificial  intelligence,  and  that  such 
applications  will  require  1014  operations  per  second!  Several  tactics  will  be  required  just  to  build 
the  circuitry  (for  example,  wafer-scale  integration,  parallel  processing,  3-D  packaging,  laser  inter¬ 
connects,  etc.).  The  required  heat-dissipation  capabilities  for  artificial  intelligence  are  indeed 
enormous.  A  quick  scan  of  Figure  1-1  shows  that  power  dissipations  of  order  10’5  W/transistor 
are  available.  Multiplying  by  109  transistors/chip  results  in  104  W/chip!  No  wonder  that  several 
researchers  have  suggested  that  power  dissipations  of  20  kW/ liter  are  needed  for  future  systems 
[see,  for  example,  Trimberger  (1983)].  Projected  needs  for  100  to  1000  kW/liter  are  also  being 
suggested  for  sytems  related  to  SD1. 
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TABLE  1-2 

State-of-the-Art  Single-Chip  and  Multi-Chip  Module  Thermal  Performancet 

Single-Chip  Modules 

Maximum  Chip  Flux 

Technology 

(W/cm2 

) 

Mitsubishi  Alumina  HTCP 

6.25 

Mitsubishi  SiC 

6  25 

Hewlett-Packard  Finstrate 

10.1 

Hitachi  S-810 

13.1 

Fujitsu  MCC 

19  7 

Burroughs  PGA 

24  3 

Motorola  MCA-2 

24  5 

Sperry  Compact  HX 

40.0 

Multi-Chip  Modules 

Maximum  Chip  Flux 

Average  Heat  Flux 

Heat  Density 

Technology 

(W/cm2) 

(W/cm2) 

(W/cm3) 

Mitsubishi  HTCM 

6  25 

0.83 

0.4 

Hitachi  RAM 

13.1 

0.8 

0.5 

Honeywell  SLIC 

— 

0  93 

02 

NEC  SX  LCM 

>8.4 

1.6 

0.3 

IBM  4381  IMPNG 

17.0 

2.2 

0.5 

IBM  3090  TCM 

29  8 

2.2 

0.4 

tAbstracted  from  Bar-Cohen  (1985) 

Given  the  current  status  of  the  heat  density  of  today’s  state-of-the-art  computers  (see 
Table  1-2),  the  situation  requires  innovative  cooling  techniques.  There  is  a  method  of  heat  sinking 
which  can  provide  the  required  heat  dissipations!  It  is  the  topic  of  this  report  and  is  introduced 
in  the  next  section. 

1.3  OVERVIEW  OF  MICROCHANNEL  HEAT-SINK  DESIGN 

The  use  of  forced-convection,  liquid-cooled,  microchannel  heat  sinks  is  introduced  in  this 
section  Heat  dissipation  rates  of  >1000  W/cm2  can  be  handled  by  this  method  of  heat  sinking. 
The  use  of  microchannel  heat  sinks  is  not  limited  to  microelectronics.  They  can  be  used  most 
anywhere  there  is  a  need  to  cool  bodies  with  large  heating  rates.  Other  potential  applications 
include  laser  resonators,  optical  surfaces  of  high-power  laser  systems,  central-station  solar  receiv¬ 
ers,  rocket  casings,  leading  surfaces  of  hypersonic  aircraft,  etc. 
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Figure  1-4.  Schematic  of  a  forced-convection,  liquid-cooled  microchanne!  heat  sink. 
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1.3.1  Previous  Works 


Forced-convection,  liquid-cooled,  microchannel  heat  sinks  were  originally  studied  at  Stanford 
University,  U.S.A.  The  First  technical  publications  appeared  in  the  early  1 980's, t  which  since  then 
have  caused  considerable  interest  in  the  heat  transfer  community.  This  author  is  currently  not 
aware  of  any  other  researchers  who  have  attempted  to  replicate  the  original  Stanford  work,  and 
who  have  published  unclassified  analytical  and/or  experimental  results. 

The  configuration  of  a  typical  microchannel  heat  sink  is  shown  in  Figure  1-4.  The  heat  sink 
is  a  finned  structure  which  is  cooled  by  forced  convection.  The  coolant  flows  from  the  inlet  ple¬ 
num,  through  the  channels,  and  out  into  the  discharge  plenum.  Power  is  dissipated  on  the  “cir¬ 
cuit”  side  of  the  heat  sink,  and  the  heat  is  conducted  through  the  substrate  to  the  fins  where  it  is 
conducted  to  the  coolant.  The  coolant  can  be  either  a  liquid  or  a  gas,  but  the  pumping  power 
requirements  for  gases  are  much  larger  for  the  same  thermal  performance  [see  Tuckerman 
(1984)].  The  microchannels  used  by  the  Stanford  researchers  were  nearly  rectangular  and  gener¬ 
ally  of  large  aspect  ratios.  The  channels  were  fabricated  in  silicon  substrates  by  precision  sawing 
or  orientation-dependent  etching.  The  fourth  side  of  the  channels  was  formed  by  attaching  a 
“cover  plate”  to  the  heat  sink  by  “anodic  bonding”  or  by  a  suitable  epoxy. 

The  physical  dimensions  of  the  silicon  microstructures  were  of  the  following  orders  of  magni¬ 
tude.  The  channel  width  wc  was  typically  about  55  jum,  and  the  fin  thickness  ww  was  typically 
about  40  to  45  jum.  The  substrate  height  t  was  typically  about  100  to  200  /urn,  and  the  fin 
height  b  was  typically  about  300  to  400  /urn.  The  channel  length  was  typically  1.4  to  2.0  cm. 

Why  are  the  channel  dimensions  so  small?  Consider  the  overall-heat-transfer  equation  Q  = 
(UA)  AT,  where  Q  is  the  chip  heat-dissipation  rate,  U  is  the  overall-heat-transfer  coefficient,  A  is 
the  surface  area  for  heat  transfer,  and  AT  is  the  chip  peak  temperature  rise  over  the  ambient 
temperature.  If  Q  is  to  be  increased  while  keeping  AT  the  same  (or  smaller  due  to  reliability  con¬ 
siderations),  then  the  UA  product  must  increase.  Large  increases  in  UA  are  not  easily  obtained 
by  increasing  the  surface  area.  Large  increases  in  U  can  be  obtained  by  increasing  the  convective- 
heat-transfer  coefficient  h.  L  arge  increases  in  h  can  be  obtained  by  applying  heat-transfer  funda¬ 
mentals.  If  the  flow  in  a  channel  is  fully  developed,  then  the  Nusselt  number  Nu  =  hDe/kf  is  a 
constant  where  De  is  the  channel  hydraulic  diameter,  and  kf  is  the  coolant  thermal  conductivity. 
Since  kf  is  constant  for  a  given  coolant,  then  h  can  be  increased  proportional  to  the  decrease  in 
channel  hydraulic  diameter  De  =  4wtb/(2wc  +  2b).  Therefore,  for  fully  developed  flow  (Nu  of 
order  5.0)  of  water  (kf  of  order  0.6  W/m°C)  through  a  typical  microchannel  (De  of  order 
100  /urn),  the  heat-transfer  coefficient  is  of  order  30,000  W/m2oC!  Perhaps  now  it  is  clear  to  the 
reader  why  the  channel  dimensions  are  so  small. 

The  channels  of  the  type  shown  in  Figure  1-4  do  not  allow  for  transverse  mixing  of  the 
coolant,  which  would  be  desirable  if  a  channel  happened  to  get  plugged.  Other  channel  geome¬ 
tries,  in  particular  “pin-fins”  as  shown  in  Figure  1-5,  were  also  studied  by  the  Stanford 


t  See  Tuckerman  and  Pease  (1981a,  b),  (1982),  (1983),  and  Tuckerman  (1984). 
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Figure  1-5 .  Silicon  “ pm-fins "  manufactured  by  precision  sawing.  [Taken  from  Tuckerman  and  Pease  (1981b).] 

researchers.  It  was  found  that  the  use  of  such  structures  did  provide  better  transverse  mixing. 

The  enhancement  of  the  heat  transfer  owing  to  increases  in  the  Nusselt  number  due  to  vortex 
generation  did  not  occur  as  had  been  hoped. 

In  addition  to  their  original  work  in  microchannel  heat  sinks,  the  Stanford  researchers  also 
developed  a  “microcapillary  thermal  interface”  as  shown  in  Figure  1-6.  This  interface  used  the 
inherent  attractive  force  (suction  due  to  the  liquid’s  surface  tension)  to  hold  the  two  surfaces 
together.  This  interface  also  helped  to  reduce  wafer  warpage.  This  interface  technique  allows  the 
heat  sink  to  be  manufactured  separately  from  the  heat  source.  Therefore,  the  heat  sink  can  be 
made  of  materials  of  high  thermal  conductivity  which  the  heat  source  substrate  may  not  have. 
The  microcapillary  channels  were  typically  about  30  pm  deep  with  a  throat  width  of  about  1  pm. 

The  typical  thermal  performance  of  these  heat  sinks  is  as  follows,  the  typical  thermal  resist¬ 
ance  of  the  microcapillary  thermal  interface  was  of  order  0.02°C/(W/cm2).  The  thermal  resist¬ 
ance  of  the  microchannel  heat  sinks  including  the  coolant  bulk  temperature  rise  was  typically  of 
order  0.08  to  0.09°C/(W/cm2)  exclusive  of  the  microcapillary  interface!  The  heat  sinks  were 
shown  experimentally  to  dissipate  as  much  as  about  1300  W/cm2  from  a  1.0-cm  square  metal 
film  heater.  The  coolant  flow  rate  in  this  particular  example  was  14.2  cm3/s  of  water  with  a 
pressure  drop  of  53  psi  across  the  chip.  The  length  of  the  coolant  channel  was  2.0  cm,  and  the 
flow  was  provided  to  a  1.5-cm-wide  section  of  the  chip. 

The  ultimate  limit  of  this  heat  sinking  method  in  silicon  has  been  predicted  by  the  Stanford 
researchers.  They  estimate  that  up  to  50  kW/cm2  may  be  dissipated  using  100-/im-long  channels, 
a  water  pressure  drop  of  1000  atm.,  and  allowing  a  maximum  surface  temperature  of  no  more 
than  120°C! 
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Figure  1-6.  Microcapillary  thermal  interface.  [Taken  from  Tuckerman  (1984).] 


1.3.2  This  Investigation 

This  study  was  initiated  to  survey  the  methods  of  removing  dissipated  power  from  an  array 
of  electronic  devices  constructed  in  indium  phosphide.  These  devices  are  anticipated  to  dissipate 
on  the  order  of  100  to  300  W/cm2  continuously  over  a  large  two-dimensional  array  that  may 
exceed  tens  of  centimeters  on  each  side.  After  an  extensive  review  of  the  heat-transfer  literature, 
it  was  decided  that  forced-convection,  liquid-cooled,  microchannel  heat  sinking  would  be  the 
most  viable  thermal  control  method.  This  report  is  a  direct  result  of  the  theoretical,  numerical, 
and  experimental  efforts  that  were  concentrated  at  generalizing  and  extending  the  work  orginally 
done  by  the  Stanford  researchers. 

The  current  study  extends  the  theoretical  analysis  of  Tuckerman  and  Pease  to  include  small-, 
moderate-,  and  large-aspect-ratio  channels,  for  fully  developed  and  developing  flow  in  the  laminar 
and  turbulent  regimes.  The  channel  surfaces  can  be  smooth  or  roughened  with  repeated-ribs.  Var¬ 
iable  property  effects  are  included  for  the  chip  material  and  the  liquid  coolant  (compressibility 
effects  have  not  been  included).  The  effect  of  viscous  dissipation  in  the  liquid  coolant  is  included. 
Thermal  spreading  at  the  periphery  of  the  simulated  integrated  circuit  heat  source  is  also 
accounted  for  using  simplified  one-dimensional  models. 

To  facilitate  numerical  computation,  a  new  computer  program  has  been  created  which  com¬ 
putes  the  thermal  and  fluid  performance  for  a  large  variety  of  coolant  flow  rate  constraints  and 
heat-sink  designs.  A  complete  listing  of  this  computer  program  has  been  included  in  Appendix  E. 
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Figure  1-7.  Thermal  spreading  at  the  healer  periphery. 
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The  numerical  results  clearly  show  that  developing  laminar  flow  has  essentially  the  same 
thermal  and  fluid  performance  over  a  large  range  of  channel  widths  (assuming  constant,  coolant 
pressure  drop).  At  larger  channel  widths,  turbulent  flow  is  encountered,  which  results  in  better 
thermal  performance  with  only  small  increases  in  the  pumping  power  requirement.  It  will  be 
shown  that  the  computer  program  quite  accurately  predicts  the  experimental  data  for  the  thermal 
and  fluid  performance  of  microchannel  heat  sinks  obtained  by  both  the  Stanford  study  and  this 
study. 

A  new  method  of  surface  temperature  uniformity  enhancement  at  the  chip  level  which  uses  a 
“compensation  heater”  about  the  periphery  of  the  heat  source  (for  example,  an  integrated  circuit) 

will  be  introduced.  As  shown  in  Figure  1-7,  the  thermal  spreading  at  the  periphery  of  the  heater 

can  cause  significant  thermal  gradients  across  the  integrated  circuit.  If  there  is  a  heater  providing 
an  equivalent  heat  flux  over  a  sufficiently  wide  region  around  the  integrated  circuit,  the  tempera¬ 
ture  profiles  in  the  integrated  circuit  are  much  more  uniform.  The  author  is  not  aware  of  other 

applications  in  microelectronics  where  this  method  has  been  used  at  the  chip  level.  Therefore,  the 
concept  of  a  “compensation  heater”  is  considered  to  be  original. 

It  is  necessary  to  clarify  several  terms  and  geometrical  analysis  parameters  used  in  this 
study  many  of  which  are  identical  to  the  notation  used  in  the  Stanford  studies,  the  coordinate 
system  shown  in  Figure  1-4  should  be  carefully  noted  by  the  reader.  The  location  of  the  origin  is 
somewhat  arbitrary.  The  positive  y-  and  z-direcitons  will  be  defined  as  required  in  the  other  sec¬ 
tions.  In  general,  the  x-direction  is  parallel  to  the  fin  base  and  channel  base  plane,  and  parallel 
to  the  flow  direction.  The  y-direction  is  parallel  to  the  fin  base  and  channel  base  plane,  and  per¬ 
pendicular  to  the  flow  direction.  The  z-direction  is  perpendicular  to  the  fin  base  and  channel  base 
plane,  and  is  also  perpendicular  to  the  flow  direction.  The  x-direction  is  often  referred  to  as  the 
“length,”  the  y-direction  is  often  referred  to  as  the  “thickness”  or  “width,”  and  the  z-direciton  is 
often  referred  to  as  the  “height.”  For  example,  in  Figure  1-4,  the  fin  length  and  channel  length 
are  defined  as  L,  the  fin  thickness  or  width  is  defined  as  ww,  and  the  substrate  height  is  defined 
as  t. 


The  channel  aspect  ratio  is  defined  as  a  =  b/wc.  The  three  categories  of  channel  aspect  ratios 
used  in  this  study  are:  small  ( a  <  0.1),  moderate  (0.1  <  a  <  10),  and  large  (a  >  10).  In  this 
study,  the  heat  transfer  from  the  channel  bottom  (from  the  cover  plate)  is  ignored  in  all  cases 
(primarily  due  to  the  poor  thermal  conductivity  of  the  cover  plate  material  used  in  this  study). 
Small-aspect-ratio  channels  provide  cooling  from  one  surface  —  the  channel  base.  The  fins  in  the 
small-aspect-ratio  designs  are  used  primarily  for  structural  purposes  and  do  not  contribute  signifi¬ 
cantly  to  the  overall  heat  transfer  (especially  when  ww  is  small  and  a«0.1).  Moderate-aspect- 
ratio  channels  provide  cooling  from  three  surfaces  —  the  fin  sides  and  the  channel  base.  Large- 
aspect-ratio  channels  provide  cooling  from  two  surfaces  —  the  fin  sides.  The  heat  transferred 
from  the  channel  base  of  large-aspect-ratio  channels  is  small  and  is  ignored  (especialy  when  wc  is 
small  and  a  »  10.0). 
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1.4  REPORT  ORGANIZATION 


Section  1  has  been  dedicated  to  introducing  the  trends  in  computer  microelectronics  which 
have  led  to  ever-increasing  power  dissipation  rates.  The  state-of-the-art  methods  used  for  thermal 
control  of  today’s  computers  were  quickly  reviewed.  A  “new”  heat-sinking  method,  microchannel 
heat  sinks,  was  introduced  that  will  play  a  significant  role  in  the  continuing  development  of 
microelectronics.  The  remainder  of  this  section  outlines  the  analysis  and  discussion  presented  in 
the  rest  of  this  report. 

Section  2  deals  with  forced-convection  flow  in  smooth  and  repeated-rib  roughened  ducts. 

The  transition  between  the  laminar  and  turbulent  flow  regimes  is  specified.  The  friction  factors 
and  Nusselt  numbers  for  channel  flow  are  presented  in  the  form  of  analytical  equations  or  tabu¬ 
lar  data.  The  pressure  drop  through  the  microchannel  heat  sink  is  also  discussed.  Finally,  the 
effect  of  axial  heat  conduction,  viscous  dissipation,  superimposed  natural  convection,  temperature 
varying  properties,  nonuniform  passages,  and  interrupted-fins  are  investigated. 

Section  3  deals  with  conduction  heat  transfer.  The  physics  of  the  heat-conduction  process  is 
introduced,  and  trends  of  various  factors  affecting  the  thermal  conductivity  are  briefly  discussed. 
The  contraction  thermal  resistance  owing  to  discrete  heat  sources  is  presented.  The  validity  of  the 
assumptions  used  to  formulate  the  fin  heat-transfer  analysis  will  be  discussed  in  detail.  The  fin 
thermal  response  equations  will  be  presented  followed  by  a  simple  model  of  thermal  spreading  at 
the  periphery  of  a  surface  heater. 

Section  4  presents  the  details  of  the  heat-sink  design  process.  Thermal  resistance  models  will 
be  formulated  for  large-,  moderate-,  and  small-aspect-ratio  ducts.  Models  are  provided  for  con¬ 
stant  pressure  drop,  constant  pumping  power,  and  constant  volumetric  flow.  The  new  computer 
program  created  especially  for  this  study  will  be  reviewed.  Typical  numerical  predictions  obtained 
using  the  computer  program  will  be  presented  and  discussed. 

Section  5  presents  details  of  the  testing  program  used  to  determine  the  thermal  performance 
of  microchannel  heat  sinks.  The  methods  of  microchannel  fabrication  including  precision  sawing 
and  orientation-dependent  etching  are  discussed.  The  methods  of  packaging  and  headering,  and 
the  resistor  heat  source  fabrication  process  will  be  reviewed.  The  test  apparatus,  the  experimental 
procedure,  and  the  estimate  of  the  experimental  error  will  be  presented. 

Section  6  presents  detailed  discussion  of  the  experimental  results  of  this  study  and  those  of 
the  Stanford  study.  The  experimental  results  will  be  compared  with  the  theoretical  and  numerical 
predictions. 

Section  7  presents  the  summary  and  conclusions  of  this  study.  Design  recommendations  are 
summarized,  and  suggestions  are  listed  for  future  work  in  the  analysis  and  design  of  microchan¬ 
nel  heat  sinks. 
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2.0  FORCED  CONVECTION  FLOW  IN  DUCTS 


The  purpose  of  this  section  is  to  review  the  thermal  and  fluid  characteristics  of  flow  through 
rectangular  ducts  as  it  applies  to  this  study.  Smooth  ducts  will  be  considered  first,  beginning  with 
the  establishment  of  the  transition  Reynolds  number.  The  smooth-duct,  fully  developed  and 
developing-flow  friction  factors  are  determined  for  the  laminar  regime,  and  then  the  turbulent 
regime.  Following  this,  there  will  be  an  analysis  of  the  pressure  drop  through  microchannel  heat 
sinks.  The  discussion  then  turns  to  determining  the  Nusselt  numbers  for  fully  developed  and 
developing  flow  in  the  laminar  regime,  and  then  the  turbulent  regime.  After  this,  there  will  be  a 
discussion  of  heat  transfer  augmentation  by  surface  roughening.  The  friction  factors  and  Nusselt 
numbers  will  be  determined  for  channels  with  repeated-rib  roughness  in  fully  developed  turbulent 
flow.  The  discussion  then  turns  to  analysis  of  the  effects  of  viscous  dissipation,  superimposed 
natural  convection,  temperature  varying  properties,  and  nonuniform  passages.  Following  this, 
there  will  be  an  overview  of  how  interrupted  fins  (as  opposed  to  continuous  fins)  might  be  used 
to  improve  the  thermal  and  fluid  performance. 


2.1  SMOOTH  DUCTS 

The  purpose  of  this  section  is  to  present  the  hydrodynamic  and  heat  transfer  characteristics 
of  fully  developed  and  developing  flows  in  smooth  ducts  for  the  laminar  and  turbulent  regimes. 


2.1.1  Distinction  Between  Laminar,  Transitional, 
and  Turbulent  Flow 


The  hydrodynamic  and  heat  transfer  properties  of  flow  through  rectangular  ducts  depends  on 
the  flow  regime.  The  parameter  used  to  define  the  flow  regime  is  the  Reynolds  number  which  is 
given  by 


PfVCPe 

Mf 


(2.1) 


where  Re  is  the  Reynolds  number,  the  coolant  density,  pf  the  coolant  dynamic  viscosity,  Vc 
the  average  coolant  velocity  in  the  duct,  and  De  the  hydraulic  diameter. 

The  transition  between  laminar  and  turbulent  flow  occurs  over  a  range  of  Reynolds 
numbers.  This  range  is  large  if  the  tube  entrance  is  “bell-mouthed”  and  much  smaller  if  there  is 
an  “abrupt”  reduction  in  the  flow  cross-sectional  area  at  the  entrance.  In  the  latter,  the  flow 
tends  to  “trip”  at  a  “critical”  Reynolds  number,  for  which  the  flow  is  laminar  if  Re  <  Recrit,  and 
the  flow  is  turbulent  if  Re  >  Recnt.  In  this  study,  the  liquid  coolant  enters  the  duct  via  an  abrupt 
contraction  immediately  after  a  90°  bend.  Consequently,  it  is  assumed  that,  for  all  practical  pur¬ 
poses,  the  flow  undergoes  a  “sudden”  transition  between  laminar  and  turbulent  flow  regimes  at 
the  critical  Reynolds  number. 
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The  transition  Reynolds  numbers  used  for  this  study  were  reported  by  Hartnett,  Koh,  and 
McComas  (1962).  They  are  listed  in  Table  2-1  as  a  function  of  the  duct  aspect  ratio  which  is 
given  by 


where  a  is  the  duct  aspect  ratio,  b  the  duct  height,  and  wc  the  duct  width. 


TABLE  2-1 


Critical  Reynolds  Numbers  for  Abrupt-Entrance  Rectangular  Ducts 
[Due  to  Harnett,  Koh,  and  McComas  (1962)] 


a 

Recrit'f 

s$0.2* 

2500 

1.0 

2200 

2*5  0* 

2500 

t  Linear  interpolation  will  be  assumed  for  0.2  <  a  <  1 .0  and  1 .0  <  a  <  5.0 
t  Inferred  from  data  for  a  =  5  and  a  =  10. 


2.1.2  Friction  Coefficients  in  Channel  Flow 

Shah  and  London  (1978)  have  computed  the  fully  developed  laminar  friction  factors  in  rec¬ 
tangular  ducts.  Their  results  are  listed  in  Table  2-2.  Shah  and  London  (1978)  also  present  the 
results  of  Curr,  Sharma,  and  Tatchell  (1972)  for  hydrodynamically  developing  laminar  flow  in 
rectangular  ducts  as  shown  in  Table  2-3.  The  friction  factor  for  laminar  developing  flow  between 
infinite  parallel  plates,  as  computed  by  Liu  (1974),  are  also  presented  by  Shah  and  London 
(1978)  and  are  listed  in  Table  2-4. 

The  friction  coefficients  listed  in  Table  2-5  and  plotted  in  Figure  2-1  were  extracted  from 
Tables  2-2  through  2-4,  and  will  be  used  for  computer  solution  purposes  (see  Section  4). 

Shah  and  London  (1978)  present  results  by  Bodoia  (1959)  for  a*  =  0,  which  suggests  that 
fappRe  should  be  much  larger  near  (x/De)/Re  5:3  0  (the  same  result  for  (x/De)/Re  ^  0  is  also 
expected  for  the  other  a*’s).  The  numerical  solutions  used  to  predict  the  fappRe  values  assume 
highly  idealized  inlet  flow  conditions.  These  conditions  probably  do  not  exist  for  this  study  due 
to  the  sudden  contraction  at  the  channel  entrance  which  is  preceded  by  a  90°  bend.  Therefore, 
the  computer  results  for  the  thermal  response  should  be  viewed  with  caution  when  (x/De)/ 

Re  <  0.001. 
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TABLE  2-2 

Fully  Developed,  Laminar-Flow  Friction 

Coefficients  in  Rectangular  Ductst 

[Taken  from  Shah  and  London  (1978)] 

a * 

fRe 

1.000 

14.22708 

0  900 

14.26098 

1/1.2 

14.32808 

0  800 

14.37780 

0.750 

14  47570 

1/1  4 

14.56482 

0.700 

14.60538 

2/3 

14.71 184 

0  600 

14.97996 

0.500 

1  5  54806 

0  400 

16  36810 

1/3 

17.08967 

0.300 

17.51209 

0.250 

18.23278 

0.200 

19.07050 

1/6 

19.70220 

1/7 

20.19310 

0.125 

20  58464 

1/9 

20.90385 

1/10 

21.16888 

1/12 

21.58327 

1/15 

22.01891 

1/20 

22.47701 

1/50 

23.36253 

0 

24.00000 

t  *  _  short  side  length 

- ;  Re  based  on  De  =  4A/P 

long  side  length 
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TABLE  2-3 

Developing, 

Laminar-Flow  Friction  Coefficients 

in  Rectangular  Ductst 

(Due  to  Curr,  Sharma,  and  Tatchell) 

[Taken  from  Shah  and  London  (1978)] 

(x/De)/Re 

^app^e 

a*  =  1.0 

a*  =  0.5 

a*  =  0.2 

0  001 

142  0 

142.0 

142.0 

0.002 

80.2 

80.2 

80.2 

0.003 

66.0 

66.0 

66.1 

0.004 

57.6 

57.6 

57.9 

0.005 

51.8 

51.8 

52  5 

0.006 

47.6 

47.6 

48.4 

0  007 

44.6 

44.6 

45.3 

0008 

41.8 

41.8 

42.7 

0  009 

39.9 

40  0 

40.6 

0010 

38.0 

38.2 

38.9 

0  015 

32.1 

32.5 

33.3 

0.020 

28.6 

29.1 

30.2 

0.030 

24  6 

25.3 

26.7 

0.040 

22.4 

23.2 

24.9 

0.050 

21.0 

21.8 

23.7 

0060 

20.0 

20.8 

22.9 

0.070 

19.3 

20.1 

22.4 

0.080 

18  7 

19.6 

22.0 

0  090 

18.2 

19.1 

21.7 

0.100 

17.8 

18.8 

21.4 

+  #  short  side  length  _  ,  .  _ 

T  ot*  —  — - — — : - :  Re  based  on  D~  = 

4A/P 

long  side  length 
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TABLE  2-4 

Developing, 

Laminar-Flow  Friction  Coefficients 

Between  Parallel  Platest 

(Due  to  Liu)  [Taken  from  Shah  and  London  (1978)] 

(x/De)/Re 

^app^e 

(x/De)/Re 

*app^e 

0.0001183 

_ 

0.004985 

53.04 

0  0001479 

— 

0.006882 

46.44 

00002656 

209.1 

0.008772 

42.44 

0.0003839 

174.5 

0.01067 

39.29 

0.0005023 

153.2 

0.01256 

37.13 

0.0007391 

127.1 

0.0201 1 

32.34 

0.001209 

100.4 

0.02768 

30.07 

0.001683 

86.00 

0.03525 

28.77 

0.002156 

76.76 

0  04283 

27.93 

0002630 

70.16 

0.05040 

OO 

27.34 

24.00 

tRe  based  on  D( 

3  =  2wc,  where  wc  is  the  plate  spacing. 
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TABLE  2-5 

Laminar-Flow  Friction  Coefficients 
Used  for  Computer  Simulationt 


^app^e 


(x/De)/Re 

P 

II 

o 

a  =  2.0 

a  =  5.0 

a  ^  0.1 
a  5=  10. 

«0.t 

142.0 

142.0 

142.0 

287.0 

0.001 

111.0 

111.0 

111.0 

112.0 

0.003 

66.0 

66.0 

66.1 

67.5 

0005 

51.8 

51.8 

52.5 

53.0 

0.007 

44  6 

44.6 

45.3 

46.2 

0.009 

39.9 

40  0 

40.6 

42.1 

0.01 

38.0 

38.2 

38.9 

40.4 

0.015 

32.1 

32.5 

33.3 

35.6 

002 

28.6 

29.1 

30.2 

32.4 

0.03 

24.6 

25  3 

26.7 

29.7 

0.04 

22  4 

23.2 

24.9 

28.2 

0.05 

21.0 

21.8 

23.7 

27 .4 

0.06 

20.0 

20.8 

22.9 

26.8tt 

0.07 

19.3 

20.1 

22.4 

26  An 

0.08 

18  7 

19  6 

22.0 

26  1  7T 

0.09 

18.2 

19.1 

21  7 

25.8tt 

0.10 

17.8 

18.8 

21.4 

25.6tt 

0  20§ 

15.8 

17.0 

20.1 

24.7tt 

>1.00 

14.2 

15.5 

19.1 

24.0 

^  _  long  side  length 


;  Re  based  on  De  =  4A/P, 


short  side  length 

t  Linear  extrapolation  based  on  (x/De)/Re  of  0.001  and  0.002. 

§  Linear  interpolation  based  on  inverses  of  (x/De)/Re  =  0.1  and 
1.0  (~°°). 

7rLinear  interpolation  based  on  inverses  of  (x/De)/Re  =  0.05  and 

1.0  («oo). 
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Figure  2-1.  Laminar-flow  friction  coefficients  used  for  computer  simulation 


Turbulent  frietion  faetors  for  fully  developed  flow  in  rectangular  ducts  appear  to  be  affeeted 
by  the  aspeet  ratio  of  the  duet.  The  friction  factors  are  larger  than  those  obtained  using  the  usual 
definition  of  the  equivalent  diameter  in  the  Karman-Nikuradse  relation.  Jones  (1976)  defines  a 
“laminar  equivalent  diameter"  given  as 


Dle  =  [(2/3)  +  (11/24)  <x*(2 -<*♦)]  Dc  (2.3) 

where  Dle  is  the  laminar  equivalent  diameter,  a*  is  the  inverse  of  the  duet  aspeet  ratio  (short  side 
length/ long  side  length),  and  De  is  the  equivalent  diameter  (De  =  4A/ P).  The  laminar  equivalent 
diameter  is  used  in  the  formulation  of  the  “laminar  equivalent  Reynolds  number"  given  by 


Re* 


 PfVcDle 

Mf 


where  Re*  is  the  laminar  equivalent  Reynolds  number. 


(2.4) 
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(b)data  plotted  using  Re .  [Taken  from  Jones  (1976).] 
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Jones  (1976)  showed  that  the  friction  factors  for  fully  developed  flow  in  rectangular  ducts 
can  be  accurately  predicted  using  the  Karman-Nikuradse  equation  with  Re  replaced  by  Rc*.  The 
revised  form  of  the  Karman-Nikuradse  equation  is 

(O'0  5  =  1.737  In  [Re*(00  5]  -0.4  (2.5) 

where  f  is  the  fully  developed  How  friction  factor.  Shah  and  Johnson  (1981)  have  found  that  the 
values  for  the  friction  coefficient  are  3  percent  lower  for  a  square  duct  and  1 1  percent  higher  tor 
infinite  parallel  plates  when  compared  with  the  values  for  flow  through  a  circular  tube  at  the 
same  Rc.  Jones  (1976)  claims  that  a  5-percent  uncertainty  should  be  placed  on  the  friction  factors 
obtained  using  Equation  (2.5).  As  shown  in  Figure  2-2,  the  scatter  of  the  data  is  considerably 
reduced  when  Re*  is  used  in  place  of  Re. 

Turbulent  boundary  layers  develop  much  faster  than  laminar  boundary  layers  because  of  the 
rapid  diffusion  of  momentum  and  heat  due  to  turbulence.  Deissler  (1955)  has  computed  the  fric¬ 
tion  factor  based  on  local  shear  stress  for  a  circular  tube  with  a  uniform  velocity  profile  at  the 
entrance,  constant  properties,  and  a  turbulent  boundary  layer  originating  at  the  entrance.  Using 
those  results,  Kays  and  Perkins  in  Rohsenow,  Hartnett,  and  Game'  (1985b)  present  results  for  the 
local  friction  factor  based  on  the  static  pressure  gradient.  They  also  present  results  for  the  aver¬ 
age  friction  factor  based  on  the  total  static  pressure  drop.  The  results  are  presented  in  Fig¬ 
ures  2-3  and  -4,  respectively. 


Figure  2-3.  Local  friction  factor  based  on  static  pressure  gradient  for  the  entrance  region  of  circular  tubes. 
[Taken  from  Kays  and  Perkins  in  Rohsenow.  Hartnett,  and  Game’  ( 1985b). J 
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Re 

10  x  703 
30  X  70^ 

60  X  703 
100  X  103 

0  2  4  6  8  10  12 

«-/De 

Figure  2-4.  Average  Jrtaion  factor  based  on  statu  pressure  drop  for  the  entrance  region  of  circular  tubes. 
[Taken  from  Kavs  and  Perkins  in  Rohsenow,  Hartnett,  and  (janic'  (1985b).] 


From  Figure  2-3,  it  is  clear  that  the  local  friction  factor  based  on  static  pressure  drop  has 
essentially  reached  the  fully  developed  values  when  x/ De  is  about  10.  Figure  2-4,  which  was 
obtained  by  simple  integration  of  the  curves  shown  in  Figure  2-3,  clearly  shows  that  the  effect  of 
the  local  friction  factor  in  the  inlet  region  extends  much  farther  down  the  tube.  At  x/De  =  12,  the 
average  friction  factors  are  still  ~50  percent  higher  than  the  fully  developed  values. 

This  author  is  not  aware  of  published  results  of  the  developing-turbulent-flow  average  fric¬ 
tion  factor  for  x/Dc  >  20  [Rohsenow  and  Choi  (1961)]  present  limited  results  for  12  <  x/Dc< 
19.5].  Consequently,  it  was  decided  to  numerically  reintegrate  the  curves  of  the  local  friction  fac¬ 
tor  (Figure  2-3).  Figure  2-5  shows  that  this  integration  provides  results  very  similar  to  those 
shown  in  Figure  2-4.  Figure  2-6  plots  the  results  over  a  longer  range  of  x/De.  The  values  for 
turbulent  flow  appear  to  be  close  to  the  asymptotic  limit  when  x/De  »  100.  Figure  2-7  shows  the 
ratio  of  the  average  and  fully  developed  friction  factors.  For  x/De  =  100,  the  turbulent-flow  aver¬ 
age  friction  factors  are  within  about  5  percent  of  their  fully  developed  values.  This  result  appears 
to  be  in  agreement  with  results  presented  in  Section  7  of  Kays  and  London  (1984). 

For  the  purpose  of  this  study,  it  is  necessary  to  extrapolate  the  numerical  integration  results 
down  to  Recrjt.  Table  2-6  lists  the  numerically  integrated  average  friction  factors  upon  which  the 


t  The  integration  assumes  that  the  values  at  x/ De  =  12  (Figure  2-3)  are  fully  developed  and  per¬ 
sist  throughout  the  remainder  of  the  tube.  The  numerical  integration  is  expected  to  be  accurate 
to  within  5  percent.  Differences  between  Figures  2-4  and  -5  for  x/De  <  1.0  are  probably  due  to 
the  assumed  value  of  the  local  friction  factor  at  x/De  «  0.  This  “error”  is  small  for  x/De>  1.0. 
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Figure  2-5  Numerically  integrated  average  friction  factor  for  turbulent  flow  in  circular  tubes. 
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L/De 


figure  2-6.  Sumerually  integrated  average  frit  turn  factor  for  turbulent  flow  in  circular  tubes. 


Figure  2-7.  Ratio  of  numerically  integrated  average  friction  factor  to  the  full i  developed  friction  factor 
based  on  stain  pressure  drop 
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TABLE  2-6 

Numerically  Integrated  Average  Friction  Factors 


Re 

f 

app 

x/De 

oct 

1000«°° 

100 

50 

25 

10 

2,300* 

0.01141 

0.01195 

0.01261 

0.01335 

0.01495 

0.01925 

10,000 

0.07900 

0.008093 

0.008482 

0.008915 

0.009852 

0.012370 

30,000 

0  00600 

0.005974 

0.006243 

0.006541 

0  007188 

0008910 

60,000 

0  00505 

0.005077 

0.005291 

0.005527 

0.006041 

0.007412 

100,000 

0.00444 

0.004348 

0.00451 1 

0.004691 

0.005083 

0.006145 

fValues  for  this  column  were  obtained  using  the  Blasius  equation,  and  are 
presented  only  for  comparison  with  the  x/De  =  1000  results. 

t  Values  for  Re  =  2,300  actually  were  obtained  from  the  equations  presented  in 
Table  2-7. 


extrapolation  is  based.  “Best  fit”  equations*  of  the  average  friction  factors  were  obtained  as  a 
function  of  the  Reynolds  number  for  several  values  of  x/ De.  The  correlations,  with  their  respec¬ 
tive  coefficients  of  determination  (R2  a  measure  of  the  goodness  of  fit),  are  listed  in  Table  2-7. 
Values  for  the  average  friction  factor  have  been  computed  using  those  correlations  for  Re  -  2300, 
and  have  been  included  in  Table  2-6.  “Best  fit”  equations*  were  also  obtained  for  the  “constants” 
listed  in  Table  2-7.  The  resulting  equation  for  the  average  turbulent  friction  factor  is 

fapp=  A(Re)B  (2.6) 

where 


A  =  0.09290  + 


1 .01612 

<x/Dc) 


B  =  0.26800 


0.31930 
( x  /  De) 


t  The  best  fit  equations  were  obtained  on  an  HP-4 1C  using  the  STAT  PAC  program  2LIN  and 

vpQW. 
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TABLE  2-7 

Correlation  Equations  for  Average  Friction 
Factors* 

x/De 

*app  =  Ci(Re)C2 

Ci 

C2 

R2 

1000  «°° 

0  09404 

-0.26649 

0.9986 

100 

0 10249 

-0.27066 

0.9985 

50 

0.11226 

-0.27506 

0  9984 

25 

0 13384 

-0.28315 

09981 

10 

0.19464 

-0.29889 

0.9976 

fBased  on  Table  2-6  data  for  10,000$  Re  $  1 00,000 

Equation  (2.6)  correlates  the  values  listed  in  Table  2-7  to  within  +4. 1  percent  (R2  for  A  and  B  is 
0.99961  and  0.98513,  respectively).  Equation  (2.6)  applies  for  circular  tubes.  To  obtain  the  friction 
factor  for  rectangular  ducts.  Re  is  replaced  by  Re*. 

Equation  (2.6)  will  be  used  to  obtain  the  friction  factors  for  both  fully  developed  and  devel¬ 
oping  turbulent  flow.  A  comparison  of  the  fully  developed-flow  friction  factors  obtained  using 
Equation  (2.5)  and  Equation  (2.6)  (with  x/D(.  =  oc)  is  shown  in  Figure  2-8.  Equation  (2.6)  predicts 
results  which  agree  with  the  Karman-Nikuradse  correlation  to  within  about  -1.5  percent  and  +2.0 
percent.  The  agreement  of  the  Blasius  equation  is  in  comparison  slightly  worse  over  the  Reynolds 
number  range  of  interest  for  this  study.  This  fact,  that  Equation  (2.6)  quite  accurately  predicts 
the  fully  developed-flow  results,  also  suggests  that  Equation  (2.6)  is  a  reasonably  accurate  model 
for  predicting  the  developing-flow'  friction  factors.  Note  that  Equation  (2.6)  predicts  fully  devel¬ 
oped  friction  factors  which  are  too  small  for  Re  >  28,000.  Therefore,  the  thermal  and  fluid  pre¬ 
dictions  for  Re  >  28,000  will  be  viewed  with  caution. 

2.1.3  Pressure  Drop 

In  the  design  of  microchannel  heat  sinks,  it  is  necessary  to  predict  the  overall  pressure  drop 
between  the  inlet  and  outlet  plenums.  The  pressure  drops  associated  with  the  distribution  of  the 
coolant  to  the  inlet  plenum  and  from  the  outlet  plenum  are  not  included  here  since  they  vary 
considerably  based  on  the  manifolding  technique.  For  the  purpose  of  this  study,  the  pressure 
drop  components  diagram  shown  in  Figure  2-9  will  be  used  to  formulate  the  pressure  drop  mod¬ 
els  (“end-fed”  microchannel  design  —  see  Figure  1-4).  The  overall  pressure  drop  has  been  divided 
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/ 'igure  2-H.  Comparison  of  Jullv  developed-flow  friction  factors  with  respect 

to  the  Karman- Nikuradse  correlation 


into  six  components.  The  flow  from  the  inlet  plenum  first  goes  through  a  90°  bend.  It  then  expe¬ 
riences  a  sudden  contraction  which  causes  the  flow  to  separate  and  undergo  an  irreversible  free 
expansion.  In  the  core,  the  coolant  experiences  skin  friction  and  a  density  change  due  to  heating. 
At  the  exit,  there  is  another  irreversible  free  expansion.  The  flow’  finally  goes  through  another 
90°  bend  as  it  enters  the  outlet  plenum. 


The  pressure  drop  model  based  on  Figure  2-9  is  given  by 


AP  =  -  --  K90 
2gc  90 


P|Vc  ,  P  i  x  P\ 

+  — -  [(1  a2  +  Kc)  +  2  ( -  1 )  +  4f  — - 

2gc  P4  De  Pm 


(1  <7:  Ke)] 


♦  AAi  K 

28c 


90 


(2.7) 


where  is  the  90°  bend  loss  coefficient,  Ke  and  Ke  are  the  entrance  and  exit  loss  eoeltieients, 
o  is  the  ratio  of  the  core  free  flow  to  frontal  eross-seetional  areas,  and  pm  is  the  average  density 
which  is  given  by 
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dx 


(2.8) 


o  p  Pi  +  P4 

Assuming  that  the  plenum  eross-scctional  areas  are  the  same,  and  that  the  eoolant  density  under¬ 
goes  negligible  variations,  then  Equation  (2.7)  simplifies  to 


AP 


p,vp  prv 

(2K9q)  + 


C  [(Ke  +  Ke)  +  4f  ] 


2gc  2gc  -c 

The  problem  now  is  to  determine  the  loss  coefficients  and  the  frietion  faetor. 


(2.9) 


The  model  given  by  Figure  2-9  is  highly  idealized  in  that  the  velocity  profiles  at  Sections  0 
through  5  are  assumed  to  be  lully  developed  (the  ease  of  developing  flow  at  Section  3  will  be 
discussed  soon).  The  entrance  and  exit  loss  coefficients  ean  be  determined  from  Figures  2-10  and 
2-1  1.  Figure  2-1  1  may  be  direetly  used  for  small-  and  large-aspeet-ratio  duets.  Some  judgement  is 
required  to  determine  the  loss  coefficients  for  moderate-aspeet-ratio  ducts.  For  this  study,  it  is 
assumed  that  Figure  2-10  applies  when  0.1  <  a  <  10.0.  The  usual  Reynolds  number  with 
Dc  3  4A  P  is  used.  The  90°  bend  loss  coefficient  is  estimated  to  be  K99  «  1.2/ 

The  loss  coefficients  Ke  and  Ke  in  Figures  2-10  and  2-11  were  obtained  assuming  essentially 
uniform  velocity  in  the  inlet  and  exit  plenums,  and  fully  developed  flow  at  the  exit  of  the  chan¬ 
nel  core  [Kays  and  London  (1984)].  They  already  include  the  pressure  ehange  associated  with  the 
change  of  the  velocity  profile  in  the  core.  Therefore,  the  channel  frietion  factor  used  to  evaluate 
the  overall  pressure  drop  in  Equations  (2.7)  and  (2.9)  should  be  based  on  the  mean-wall  shear.  A 
less  than  fully  developed  velocity  profile  at  the  core  exit  will  result  in  a  smaller  Ke  and  a  larger 
Ke  than  those  obtained  for  the  fully  developed  flow  situation.  This  effect  has  been  included  for 
laminar  flow  in  Figure  2-10,  but  the  rest  of  the  results  apply  for  fully  developed  flow  at  the 
channel  exit.  Because  of  this  discrepancy,  the  apparent  friction  faetor  (instead  of  the  frietion  fac¬ 
tor  based  on  mean-wall  shear)  will  be  used  in  this  study  to  provide  a  conservative  estimate  of  the 
overall  pressure  drop.  This  action  is  conservative  beeause  the  change  in  the  eore  velocity  profile 
is  taken  into  account  twice. 


2.1.4  Heat-Transfer  Coefficients 

To  determine  the  thermal  performance  of  microchannel  heat  sinks,  it  is  necessary  to  know 
the  value  of  the  heat-transfer  coefficient,  which  is  given  by 


hx  -  — 
x  T, 


^w,x 


T 

w,x  1  m,x 


(2.10) 


+  This  is  an  estimated  average  value  for  the  loss  eoeffieients  listed  in  several  commonly  available 
fluids  and  heat  transfer  handbooks. 
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Figure  2-  JO.  Entrance  and  exit  loss  coefficients  for  flow  in  circular  tubes. 
[Taken  from  Fays  and  London  (1984).] 
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Figure  2-1 1.  Entrance  and  exit  loss  coefficients  for  flow  between  parallel  plates 
[Taken  from  Kays  and  London  (1984).] 
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where  hw  is  the  local  heat-transfer  coefficient,  q"  is  the  heat  flux  at  the  wall,  Tw  x  is  the  local 
wall  temperature,  and  Tm  x  is  the  mixed-mean  temperature  of  the  coolant.  For  convenience,  the 
local  heat-transfer  coefficient  is  expressed  in  the  nondimensional  form  of  a  Nusselt  number, 
which  is  given  by 


Nu 


x 


hxDe 

"V 


(2.11) 


where  Nux  is  the  local  Nusselt  number,  De  is  the  hydraulic  diameter,  and  kf  is  the  thermal  con¬ 
ductivity  of  the  coolant  evaluated  at  Tm  x.  In  the  following,  the  subscript  x  is  dropped  for 
convenience. 


The  Nusselt  number  has  been  shown  to  be  a  function  of  several  parameters.  Some  of  them 
arc:  the  coolant  type  (phase  and  properties),  the  coolant  flow  rate,  the  flow'  regime  (laminar, 
transitional,  or  turbulent),  the  channel  geometry,  the  axial  position  in  the  channel  (from  the 
entrance),  the  heat  input  boundary  conditions,  the  type  of  channel  entrance  (e.g.,  bell-mouthed  or 
abrupt),  the  entrance  velocity  profile,  and  the  entrance  coolant  temperature  profile.  In  this  study, 
it  is  assumed  that  the  channel  entrance  is  “abrupt,”  and  that  the  heating  rate  is  constant  in  the 
flow  direction  with  uniform  peripheral  surface  temperature. 

In  channel  flow,  the  Nusselt  number  at  the  channel  entrance  is  indefinitely  high,  and 
becomes  smaller  W'ith  downstream  distance.  If  the  channel  is  long  enough,  the  Nusselt  number 
monotonically  approaches  a  fully  developed  limit  (assumes  small  property  variations).  Due  to  this 
monotonic  trend,  the  smallest  Nusselt  number  will  be  obtained  at  the  channel  exit. 

The  Nusselt  number  for  channel  flow  will  be  significantly  affected  by  the  entrance  velocity 
and  temperature  profiles.  Analytical  solutions  for  the  Nusselt  number  are  usually  done  for  the 
following  entrance  conditions: 

(a)  Fully  developed  velocity  and  temperature  profiles  (the  fully  developed-flow 
problem), 

(b)  Fully  developed  velocity  profile  and  uniform  temperature  profile  (the  thermal- 
entry-length  problem),  and 

(c)  Uniform  velocity  and  temperature  profiles  (the  combined  thermal  and  hydro- 
dynamic  entry-length  problem). 

The  Nusselt  numbers  for  simultaneously  developing  flows  (Item  c)  are  always  higher  than  those 
for  thermally  developing  flows  (Item  b),  which  is  in  turn  higher  than  those  for  fully  developed 
flow  (Item  a). 

For  this  study,  the  flow  should  be  well  mixed  at  the  channel  entrance,  and  therefore  will  be 
very  similar  to  the  combined  thermal  and  hydrodynamic  entry-length  problem  (simultaneously 
developing  flow).  The  correlations  used  to  determine  the  Nusselt  number  should  be  obtained  for 
this  simultaneously  developing  flow-  condition  if  they  are  to  be  “accurate.”  The  limited  correla¬ 
tions  available  for  simultaneously  developing  flow  has  forced  the  author  to  use  correlations  for 
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thermally  developing  flow  and/or  fully  developed  flow  to  determine  the  Nusselt  numbers. t  It  is 
recognized  that  Nusselt  numbers  obtained  in  this  manner  will  be  too  low,  and  therefore  will  be 
slightly  conservative. 

Fully  developed  laminar-flow  heat  transfer  in  rectangular  ducts  has  been  studied  by  Schmidt 
(1971).  Table  2-8  presents  his  results  of  the  Nusselt  number  for  fully  developed  velocity  and 


TABLE  2-8 

Nusselt  Number  for  Fully  Developed  Flow  in  Rectangular  Ducts 
with  One  or  More  Walls  Transferring  Heat,  with  Uniform  Axial 
Heat  Flux  and  Uniform  Peripheral  Wall  Temperature 
(Due  to  Schmidt)  [Taken  from  Shah  and  London  (1978)] 

a * 

Nu 

l-b-l 

i 

///// 

wc|  I 

1  f 

4  £ 

L  T 

r 

Case  1 

Case  2 

Case  3 

>//'/ 

Case  4 

//// 

Case  5 

0.0 

8.235 

8  235 

8.235 

0 

5  385 

0.1 

6  700 

6.939 

7  248 

0  538 

4410 

0  2 

5.704 

6  072 

6  561 

0.964 

3  914 

0  3 

4  969 

5.393 

5  997 

1.312 

3.538 

0.4 

4.457 

4.885 

5.555 

1  604 

3  279 

0  5 

4  111 

4.505 

5  203 

1.854 

3.104 

0.6 

3  884 

— 

— 

— 

2.987 

07 

3  740 

3  991 

4.662 

2  263 

2.91 1 

08 

3.655 

— 

— 

— 

2.866 

0  9 

3.612 

— 

— 

— 

2.843 

1  0 

3.599 

3  556 

4  094 

2  712 

2  836 

1  43 

3.740 

3.195 

3  508 

3  149 

2  91 1 

2.0 

4.111 

3  146 

2.947 

3.539 

3  104 

2  5 

4  457 

3.169 

2.598 

3  777 

3  279 

3  33 

4.969 

3.306 

2  182 

4  060 

3  538 

5.0 

5.704 

3.636 

1.664 

4.41 1 

3.914 

10.0 

6.700 

4.252 

0.975 

4  851 

4  410 

oo 

8.235 

5  385 

0 

5  385 

5  385 

t  Some  literature  is  available  on  simultaneously  developing  flows  (they  are  briefly  discussed  in 
this  document).  The  correlations  are  usually  limited  in  the  range  of  Reynolds  number  or  Prandtl 
number.  Time  pressures  for  this  study  did  not  allow  the  author  to  extend  their  results. 
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temperature  profiles  with  one  or  more  walls  transferring  heat  (the  local  wall  temperature  of  the 
heating  walls  is  constant).  Figure  2-12  is  a  plot  of  the  values  in  Table  2-8.  Note  that  Case  3  app¬ 
lies  for  large-aspect-ratio  channels.  Case  2  applies  for  moderate-aspect-ratio  channels,  and  Case  4 
applies  for  small-aspect-ratio  channels.  From  Figure  2-12,  it  is  apparent  that  Case  1  (all  four 
sides  heating)  provides  values  of  the  Nusselt  number  for  fully  developed  flow  that  are  the  closest 
to  those  for  Case  2  when  a  >  1.0  (i.e.,  for  large-  and  moderate-aspect-ratio  ducts).  The  Case  1 
values,  though,  are  as  much  as  10  percent  lower  than  those  for  Case  2. 
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Figure  2-/2.  Xusselt  number  Jar  fully  developed  flow  in  rectangular  ducts  with  one  or  more  walls 
transferring  heat  Uniform  axial  heat  Jlu.x  and  uniform  peripheral  wall  temperature  (due  to  Schmidt). 
[Taken  from  Shah  and  London  (1978).] 


The  author  is  not  aware  of  any  available  solutions  of  the  thermal  entrance  length  problem 
for  moderate-aspect-ratio  rectangular  ducts  with  one  wall  insulated  (and  the  other  three  transfer¬ 
ring  heat  Case  2).  Wibulswas  (1966)  has  computed  the  Nusselt  number  for  the  thermal 
entrance  length  problem  for  rectangular  ducts  with  all  four  sides  transferring  heat  and  constant 
local-peripheral-wall  temperature  (Case  1).  His  results  are  shown  in  Table  2-9. 
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TABLE  2-9 

Nusselt  Number  for  Thermally  Developing  Flow  in 
Rectangular  Ducts,  with  All  Four  Walls  Transferring 
Heat  and  Uniform  Peripheral  Wall  Temperature 


(Due  to  Wibulswas)  [Taken  from  Shah  and  London  (1978)] 


1/x* 

Nux 

O' 

1.0 

2.0 

3.0 

4.0 

0 

3.60 

4.1 1 

4  77 

5  35 

10 

3.71 

4  22 

4.85 

5.45 

20 

3.91 

4.38 

5  00 

5.62 

30 

4.18 

4.61 

5  17 

5.77 

40 

4  45 

4.84 

5  39 

5  87 

60 

4  91 

5.28 

5  82 

6.26 

80 

5.33 

5.70 

6.21 

6.63 

100 

5  69 

6  05 

6  57 

7.00 

120 

6.02 

6.37 

6.92 

7.32 

140 

6  32 

6  68 

7,22 

7.63 

160 

6  60 

6.96 

7  50 

7.92 

180 

6  86 

7  23 

7.76 

8.18 

200 

7.10 

7.46 

8.02 

8  44 

An  estimate  of  the  Nusselt  numbers  for  moderate-aspeet-ratio  channels  with  three  sides 
heated  may  be  obtained.  The  method  used  for  this  study  is  to  multiply  the  developing  flow 
Nusselt  number  obtained  from  Table  2-9  (4  sides  heated)  by  the  ratio  of  the  fully  developed-flow 
Nusselt  numbers  for  Case  2  (3  sides  heated),  and  Case  1  (4  sides  heated)  at  the  same  aspect  ratio. 
The  developing  flow,  three-side-heated  Nusselt  number  for  moderate-aspeet-ratio  channels  is 
therefore  approximated  by 

^uCase 

Nux  3  (x*,  a)  «  Nux  4(x*,  a)  — - — 

^uCasc  1^) 

where  the  axial  length  parameter,  x*,  is  given  by 
(x/Dc) 

x*  ” _ . _ 

RePr 

and  x  is  the  axial  distance  downstream  from  the  ehannel  entrance. 


(2.12) 


(2.13) 
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The  thermal  entry  length  problem  has  been  solved  for  flow  between  parallel  plates  by 
Lundberg  et  al.  (1963).  The  results  are  shown  in  Table  2-10  for  large-aspect-ratio  channels  (both 
sides  heated),  and  small-aspect-ratio  channels  (one  side  heated  and  the  other  insulated).  The 
results  shown  in  Table  2-10  are  “exact”  solutions  in  that  they  apply  for  a  ~  0  and  a  ~  Inter¬ 
polation  between  these  results  and  those  for  moderate-aspeet  ratios  at  a  given  x*  will  be  required. 
For  simplicity,  it  is  assumed  that  the  values  in  Table  2-10  apply  for  a  <  0. 1  and  a  >  10.0  (small- 
and  large-aspeet  ratios,  respectively). 


TABLE  2-10 

Nusselt  Number  for  Thermally  Developing  Flow  Between 

Parallel  Plates  with  One  or  Both  Walls  Heated 

(Due  to  Lundberg  et  al.) 

[Computed  from  Kays  and  Crawford  (1980)] 

Nux 

X* 

Both  Sides  Heated 

One  Side  Heated 

Of  —  00 

tt«0 

0.00025 

23.8 

23  5 

0  0025 

11  9 

1 1.2 

0.01 

8.80 

7.49 

0  05 

8.25 

5  55 

0  125 

8.24 

5  39 

OO 

8.23 

5.38 

For  the  combined  thermal  and  hydraulic  entry  length  problem,  the  Nusselt  numbers  are 
theoretically  higher  than  those  for  the  thermal  entrance  length  problem.  The  theoretical  models 
do  not  account  for  wake  effects  or  secondary  flow  at  the  entrance,  which  are  usually  present  in 
“abrupt”  channel  entrances.  Based  on  experimental  evidence,  the  heat-transfer  coefficients  do  not 
achieve  the  higher  Nusselt  numbers  predieted  by  the  simultaneously  developing-flow  theoretical 
analyses.  Shah  and  Mueller  in  Rohsenow,  Hartnett,  and  Game’  (1985a)  reeommend  using  the 
analytical  results  obtained  for  the  thermal  entry  length  problem  (fully  developed  velocity  profile 
at  the  entrance)  beeause  they  agree  better  with  the  experimental  data!  Even  if  the  flow'  had  uni¬ 
form  velocity  and  temperature  profiles  at  the  entrance,  it  has  been  shown  by  Kays  and  Crawford 
(1980)  that  it  is  only  significant  if  Pr  <  ~5  whieh  is  a  small  number  for  liquid  eoolants.  It  is  for 
these  reasons  that  the  effect  of  the  developing  velocity  profile  on  the  laminar  Nusselt  number  will 
be  ignored. 

The  laminar  flow'  Nusselt  numbers  listed  in  Table  2-11  and  plotted  in  Figure  2-13  were 
extracted  from  Tables  2-8  through  2-10.  They  will  be  used  for  computer  solution  purposes  (see 
Section  4). 
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TABLE  2-11 

Laminar-Flow  Nusselt  Numbers  Used  for  Computer  Simulationt 

x/DeRePr 

Nux 

asS0.lt 

a  =  1.0 

a  =  2.0 

a  =  3.0 

a  =  4.0 

a^lO.Ot 

0.0001  *»  0§ 

31.6 

25.2 

23.7 

27.0 

26.7 

31.4 

0.0025§ 

11.2 

8  9 

9.2 

9.9 

104 

11.9 

0  005 

90 

7.10 

7.46 

8.02 

8.44 

10.0 

0  00556 

8.8 

6.86 

7.23 

7.76 

8  18 

9  8 

0.00625 

8.5 

6.60 

6.96 

7.50 

7.92 

9.5 

0.00714 

8.2 

6.32 

6.68 

7.22 

7  63 

9.3 

0.00833 

7.9 

6.02 

6.37 

6.92 

7.32 

9  1 

001 

7.49 

5.69 

6.05 

6.57 

7  00 

8.80 

0.0125 

7.2 

5  33 

5.70 

6.21 

6.63 

8  6 

0.0167 

6.7 

4  91 

5  28 

5.82 

6.26 

8  5 

0.025 

6.2 

4.45 

4.84 

5.39 

5.87 

84 

0.033 

5.9 

4.18 

4  61 

5.17 

5.77 

8  3 

0  05 

5  55 

3  91 

4  38 

5  00 

5.62 

8.25 

0.1 

5.4 

3.71 

4.22 

4.85 

5.45 

8  24 

5*1.0 

5.38 

3.60 

4.11 

4.77 

5.35 

8  23 

to-  cl;annel,he.lah'  -  ;  Re  based  on  De  =  4A/P 

channel  width  wc  e 

t  Values  from  Table  2-10  were  graphically  interpolated. 

§  Values  exponentially  extrapolated. 
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Figure  2-13.  La  minor -’flow'  Nusselt  numbers  used  for  computer  simulation. 


Turbulent  flow,  which  has  a  developing  temperature  profile  but  a  fully  developed  velocity 
profile,  will  result  in  Nusselt  numbers  which  are  large  at  the  entrance.  They  become  smaller  with 
axial  distance  downstream,  and  eventually  will  approach  a  fully  developed  value.  Deissler  (1955) 
has  analyzed  the  thermal  entry  length  problem.  His  results  indicate  that  the  local  Nusselt  number 
is  within  10  percent  of  the  fully  developed  value  when  x/De  ~  10.  His  results  also  show  that  for 
Pr  =  0.73,  the  entrance  length  increases  slightly  with  decreasing  Reynolds  number.  Sparrow, 
Hallman,  and  Siegel  (1957)  have  shown  that  the  thermal  entrance  length  becomes  very  small  for 
Prandtl  numbers  above  one.  For  example,  when  x/De-  10,  the  local  Nusselt  number  is  only  two 
percent  higher  than  the  fully  developed  value  for  Pr  =  10  and  Re  =  50,000.  Malina  and  Sparrow 
(1964)  present  results  for  12,000  <  Re  <  101,000  which  suggest  that  the  thermal  entry  length  is 
somewhat  smaller.  This  author  has  crudely  extrapolated  their  results  down  the  Recrjt,  and  found 


40 


79929  20 


that  the  thermal  entrance  length  was  still  (x/De)  <  10.  The  experimental  results  of  Hartnett 
(1955)  for  Re  >  10,000,  indicate  that  the  flow  is  essentially  fully  developed  when  x/De  ~  10. 
Hartnett  (1955)  also  presents  the  results  for  thermal  entry  length  tests  of  oil  for  lower  Reynolds 
numbers.  His  results  for  the  oil  thermal  entrance  lengths  are  listed  in  Table  2-12,  and  Figure  2-14 
is  a  plot  of  the  ratio  of  the  local  and  fully  developed  heat-transfer  coefficients.  Clearly,  the  ther¬ 
mal  entrance  lengths  can  be  quite  large  for  Reynolds  numbers  at  the  lower  end  of  the  turbulent 
regime  (down  to  Recrit  for  this  study  for  high  Pr).  This  author  has  not  found  any  additional 
experimental  evidence  showing  a  significant  increase  of  the  circular-tube  local  Nusselt  numbers 
for  x/De  >  10.  Therefore,  the  increase  in  the  turbulent  Nusselt  number  in  the  thermal  entrance 
region  of  moderate-aspect-ratio  ducts  will  be  ignored.  This  is  a  conservative  assumption. 

The  thermal  entrance  length  problem  has  been  solved  for  flow  between  parallel  plates.  Solu¬ 
tions  are  available  for  the  cases  of  one  side  heated  uniformly  (the  other  side  is  insulated),  and 


TABLE  2-12 

Thermal  Entrance  Length  Results 

for  Oil  Flow  in  Circular  Tubes 

[Taken  from  Hartnett  (1955)] 

Re  X 1000 

Pr 

x*/De 

(x*/De)  5% 

2.57 

379 

74t 

69 

3.44 

350 

41 

31 

4.29 

336 

41 

28 

5.50 

223 

29 

14 

7.83 

260 

15  3 

7.2 

10.1 

206 

13.8 

5  7 

13.3 

170 

16.9 

46 

14.8 

157 

13.8 

4.4 

16  2 

90 

10.7 

3.7 

16.3 

135 

7.4 

4.1 

17.2 

138 

13  8 

3.7 

17.3 

87 

13.8 

3  7 

22.9 

98 

7.7 

2.2 

24.6 

107 

10.7 

2  8 

24.6 

107 

15.3 

2.6 

29.8 

88 

7.8 

2.0 

34.6 

63 

13.8 

2.8 

46.4 

63 

6.9 

1.5 

46  6 

61 

84 

1.7 

t  Thermal  entry  length  actually  greater  than 
tube  length 
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/■'inure  2-/4.  Thermal  entrance  results  for  oil  flow  in  circular  lubes.  [Taken  from  Hartnell  (1955).] 

with  both  sides  uniformly  heated.  The  solutions  apply  respectively  for  large-  and  small-aspect- 
ratio  ducts.  The  restriction  this  time  is  that  the  author  is  only  aware  of  solutions  which  are  pre¬ 
sented  for  a  limited  range  of  Prandtl  numbers  [see  Kays  and  Crawford  (1980)].  Therefore,  the 
increase  in  the  turbulent  Nusselt  number  in  the  thermal-entrance  region  of  large-  and  small- 
aspect-ratio  ducts  will  be  ignored.  This  assumption  is  also  conservative. 

The  combined  thermal  and  hydrodynamic  entry  length  problem  for  turbulent  flow  can  be 
analytically  solved  if  several  assumptions  are  made.  The  solutions  obtained  are  usually  for  “ideal” 
flow\  and  do  not  account  for  the  separated  flow  at  the  entrance  which  tends  to  provide  much 
larger  heating  rates  (opposite  to  the  impact  in  laminar  flow).  Kays  and  Crawford  (1980)  present 
experimental  results  obtained  by  Boelter,  Young,  and  Iversen  (1948)  for  air  (Pr  =  0.73)  flowing 
in  tubes  with  various  inlet  geometries.  Their  results  show  that  the  inlet  Nu  can  be  about  twice  as 
large  as  the  fully  developed  flow  value.  They  are  only  about  10  percent  different  though,  when 
x/Dc  ^  10.  For  liquid  coolants,  which  typically  have  large  Prandtl  numbers,  the  effect  of  simul¬ 
taneously  developing  flows  will  be  smaller.  Consequently,  the  increase  in  the  turbulent  Nusselt 
number  in  the  combined  thermal  and  hydrodynamic  entry  length  problem  will  be  ignored.  This 
assumption  is  conservative. 
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The  Nusselt  numbers  for  turbulent  flow  in  rectangular  ducts  can  be  obtained  by  using 
circular-tube  correlations  where  the  friction  factor  is  computed  using  the  Jones  (1976)  method. 
Gnielinski  (1976)  derived  an  equation  for  eircular-tube  Nusselt  numbers  based  on  experimental 
data  in  the  low  Reynolds  number  range.  It  is  given  by 


Nu 


(f/2)  (Re  1000)  Pr 
1  +  1 2.7(f / 2) 1  2  (Pr2  3  l) 


(2.14) 


where  Pr  is  the  fluid  Prandtl  number.  Re  is  based  on  De,  and  Nu  is  based  on  De.  Equa¬ 
tion  (2.14)  applies  for  2300  <  Re  <  10,000.  Gnielinski  (1976)  used  the  Filonenko  equation 
f  =  [1.58  In  (Re)  -  3.28]~2  to  compute  the  friction  factor  for  Equation  (2.14). 


When  the  flow  is  not  fully  developed,  Gnielinski  (1976)  recommends  multiplying  the  right- 
hand  side  of  Equation  (2.14)  by  [1  +  (De/x)2  3],  Note  that  this  conversion  factor  does  not  include 
the  effects  of  Re  and  Pr.  With  this  conversion,  it  was  found  that  80  percent  of  the  experimental 
data  fall  within  ±20  percent  of  the  calculated  values.  Those  experimental  data  points  which  fall 
outside  the  ±20-percent  accuracy  limit  were  found  to  have  calculated  Nusselt  numbers  that  were 
usually  larger  than  the  experimental  values.  That  is,  that  the  calculated  values  were  more  than  20 
percent  too  large  for  nearly  20  percent  of  the  data  points.  Such  errors  are  deemed  too  large  and 
indeed  are  not  conservative.  Therefore,  the  developing-flow  conversion  is  not  used. 

A  simplified  form  of  Equation  (2.14)  was  provided  by  Gnielinski  (1976).  It  is  given  by 

Nu  =  0.012  (Re0-87  280)  Pr0-4  (2.15) 


and  applies  for  fully  developed  flow  of  liquids  (1.5  <  Pr  <  500).  Shah  and  Johnson  (1981)  have 
asserted  that  Equation  (2.15)  agrees  with  Equation  (2.14)  within  10  percent  and  +0  percent  for 
fully  developed  flow  in  circular  tubes.  This  means  that  Equation  (2.15)  predicts  a  lower  Nusselt 
number  than  Equation  (2.14).  If  the  enhancement  in  the  Nusselt  number  caused  by  developing 
flow  is  ignored,  then  it  appears  that  Equation  (2.15)  will  prediet  Nusselt  numbers  that  are  no 
more  than  about  10  percent  too  large,  and  indeed  the  Nusselt  numbers  should  be  conservative 
most  of  the  time.  Note,  though,  that  Equation  (2.15)  does  not  contain  the  friction  coefficient,  and 
therefore  will  not  permit  correction  in  the  Nusselt  number  for  duct  shape.  Fortunately,  the  duet 
geometry  appears  to  have  a  second-order  effeet  on  the  turbulent  Nusselt  number  when  compared 
to  using  the  hydraulic  diameter  in  place  of  the  circular  tube  diameter.  Therefore,  Equation  (2.15) 
will  be  used  to  predict  the  fully  developed  and  developing-turbulent-flow  Nusselt  numbers  for  this 
study,  t 


t  It  should  be  noted  that  there  are  many  other  turbulent-flow  Nusselt-number  correlations  that 
are  available.  Shah  and  Johnson  (1981)  have  compared  many  of  them  with  the  Gnielinski  (1976) 
correlation.  The  results  indicate  that  most  of  the  other  equations  predict  much  higher  Nusselt 
numbers  and  therefore  are  not  conservative  over  the  Prandtl  number  range  of  interest  for  this 
study.  For  example,  the  classical  Dittus-Boelter  equation  Nu  =  0.023  Re0KPr04  overprediets  by  as 
much  as  20  percent  for  Pr  =  5.0. 
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Figure  2-15.  Flow  patterns  as  a  junction  of  p/e  Jar  flow  past  repeated-ribs. 
[Taken  from  Webb,  Eckert,  and  Goldstein  (1971).] 
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2.2  ROUGHENED  DUCTS 


The  performance  of  conventional  heat  exchangers  can  be  significantly  enhanced  by  using 
several  augmentation  techniques.  In  this  study,  two  “passive'’  methods  are  used  in  that  no  direct 
application  of  external  power  is  required. t  They  are:  (a)  extended  surfaces  (fins)  and  (b)  surface 
roughening.  Extended  surfaces  are  used  to  increase  the  surface  area  for  heat  transfer  (see  Sec¬ 
tion  3).  Surface  roughening  can  be  used  to  promote  turbulence  which  increases  the  heat-transfer 
coefficient. 

An  analysis  is  presented  here  that  predicts  the  thermal  and  fluid  performance  of  repeated-rib 
surface  roughening  for  fully  developed  turbulent  flow  between  parallel  plates. t 

2.2.1  Overview  of  Heat  Transfer  Augmentation  by  Surface  Roughening. 

Rough  surfaces  have  better  thermal-hydraulic  performance  than  smooth  surfaces  for  the 
same  flow  conditions.  A  smooth  duct  must  be  operated  at  a  higher  Reynolds  number,  higher 
pressure  drop,  and  higher  pumping  power  to  yield  the  same  heat  transfer  rate  as  a  duct  equipped 
with  discrete  roughness.  For  this  study,  the  most  promising  method  of  surface  roughening 
appears  to  be  the  use  of  repeated-ribs  of  a  specific  shape  which  protrude  from  the  channel  sur¬ 
face  at  regular  intervals.  The  main  purpose  of  the  ribs  is  to  break  down  the  turbulent-flow 
laminar  sublayer  such  that  turbulent  mixing  is  increased  next  to  the  wall.  This  increased  mixing 
results  in  larger  heat-transfer  coefficients,  but  a  penalty  is  paid  in  that  the  friction  coefficient  is 
also  increased. 

The  flow  patterns  near  the  wall  depend  on  the  relative  rib  spacing  which  is  the  ratio  of  the 
distance  between  repeated-ribs  (p)  and  the  rib  height  (e).  Typical  flow  patterns  are  shown  in  Fig¬ 
ure  2-15.  The  boundary  layer  reattaches  at  6  to  8  rib  heights  downstream,  and  usually  does  not 
reattach  if  p/e  <  8.  This  is  important  since  the  maximum  heat-transfer  coefficient  occurs  in  the 
vicinity  of  the  reattachment  point. 

The  correlations  presented  by  Han  et  ai  (1978)  will  be  used  in  this  study.  Figure  2-16  shows 
the  definitions  of  the  geometric  parameters  of  interest.  The  rib  width  is  w,  which  is  assumed  in 
this  study  to  equal  the  rib  height  e.§  The  plate  spacing  is  y,  the  rib  shape  angle  is  c/>,  and  the 
flow  attack  angle  is  \p.  Han  et  ai  (1978)  suggests  that  0  =  45°  and  p/e  «10  for  optimum  per¬ 
formance.  Having  <t>  <  90°  appears  to  be  advantageous  because  data  indicate  that  the  reduction 


t  Examples  of  augmentation  techniques  that  require  external  power  are  surface  and  fluid 
vibration. 

t  The  author  is  not  aware  of  correlations  for  developing  flow. 

§  The  experiments  of  Han  et  ai  (1978)  were  done  for  w/e=  1.0  and  w/e  =  1.5.  Apparently 
such  small  variations  in  w/e  have  only  a  small  effect  on  the  thermal-fluid  performance  —  see 
Han  et  ai  (1978)  for  more  details. 
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TOP  VIEW  OF  ONE  PLATE 


Figure  2-/6 .  Repeated-rih  geometric  parameters. 


in  the  friction  factor  (w.r.t.  <fi  =  90°)  is  larger  than  the  reduction  in  the  heat-transfer  coefficient. t 
The  correlations  presented  in  the  following  subsections  were  presented  by  Han  et  al.  (1978),  and 
apply  for  0.032  ^  e/De  0.102,  55°  <t>  90°,  20°  ip  ^  90°,  3,000  ^  Re  ^  30,000,  and 

5  ^  p/e  ^  20. 


2.2.2  Friction  Coefficients  and  Pressure  Drop 


The  friction  factor  may  be  readily  obtained  for  flow  between  repeated-rib-roughened  parallel 
plates  if  the  values  of  e/De,  p/e,  </>,  and  >p  are  known.  +  The  following  equation  is  given  by 
Han  et  al.  (1978). 

R*(e+)  (</>/90°)0-35  [10/(p/e)]n  (^/45°)°  57  =  4.9(e+/35)m  (2. 16) 

where 


R+e(e+) 

e+ 

m 

m 

n 

n 


(2/  f2)0  5  +  2.5  In  (2e/  De)  +  3.75 
(e/De)  Re  (f2/ 2)^ 

-0.4  if  e+  <  35 

0  if  e+  >  35 


0.13  if  p/e  <  10 

0.53(iA/90°)0  71  if  p/e  >  10 


The  roughness  Reynolds  number  is  e+,  and  Re  is  the  usual  Reynolds  number  based  on  De.  The 
fully  developed  friction  factor,  f2,  is  for  both  walls  roughened,  and  applies  directly  for  large- 
aspect-ratio  channels.  For  small-aspect-ratio  channels,  heating  occurs  only  at  one  surface  (the 
other  is  insulated).  To  avoid  the  additional  pressure  drop  penalty,  only  the  heated  wall  needs  to 
be  roughened  (the  other  wall  is  smooth).  When  only  one  wall  is  roughened,  Webb,  Eckert,  and 
Goldstein  (1971)  recommend  using  the  following  to  obtain  the  friction  factor. 


f2  +  f0 

f|  =  — J—  +  fo  (2.17) 

*2 


t  This  trend  is  expected  to  apply  only  for  moderate  and  large  values  of  0.  Han  et  al.  (1978)  does 
not  have  heat-transfer  coefficient  data  for  0  <  55°,  but  does  have  friction  factor  data  for  values 
as  low  as  c/>  =  40°. 

X  Han  et  al.  (1978)  does  not  define  the  method  he  used  to  obtain  the  value  of  the  equivalent 
diameter.  For  this  study,  it  is  assumed  that  De  -  4Acx/Aw  applies  for  roughened  channels.  This 
is  the  usual  correlation  used  for  heat  exchanger  design  where  Ac  is  the  minimum  free-flow  area, 
and  x  is  the  axial  flow  length  over  which  the  total  heat-transfer  surface  area,  Aw,  is  obtained. 
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where  f0  is  the  average  friction  factor  for  both  channel  sides  smooth,  fj  is  the  average  friction 
factor  for  one  channel  side  smooth  and  the  other  roughened,  and  f2 *s  the  average  friction  factor 
for  both  channel  sides  roughened.  The  Blasius  equation  is  used  to  compute  f0  and  is  given  by 

f0  =  0.0791  Re-0-25  (2.18) 

where  Re  is  the  usual  Reynolds  number  based  on  the  hydraulic  diameter.  The  pressure  drop  can 
be  computed  using  Equations  (2.7)  through  (2.9)  with  fj  or  {2  used  in  the  place  of  f. 


2.2.3  Heat-Transfer  Coefficients 

Han  et  al.  (1978)  presents  the  following  correlation  to  compute  the  Stanton  number,  St. 

(Hp  (iA/45°)J  =  10.0(e+/35)'  (2.19) 

where 


H;  =  (f2/2St  -  l)/(f2/2)05  +  R+e 
R+  =  (2/f2)0-5  +  2.5  In  (2e/Dc)  +  3.75 

e+  =  (e/De)  Re  (f2/2)°  5 
i  =  0  if  e+  <  35 

i  =  0.28  if  e+  ^  35 

j  =  0.5  if  ip  <  45° 

j  =  -0.45  if  ip  >  45° 


where  f2  is  obtained  from  Equation  (2.16).  Sheriff  and  Gumley  (1966)  show  that  e+  *»  35  pro- 
duces  an  optimum  heat-transfer  condition. 

The  fully  developed  flow  Nusselt  number  is  obtained  from  the  definition  of  the  Stanton 
number  using 


Nu  =  StRePr 


(2.20) 


Han’s  equations  were  obtained  from  experimental  data  for  air  (Pr  -  0.72).  He  recom¬ 
mends  accounting  for  the  Prandtl  number  effect  by  replacing  H*  in  Equation  (2.19)  with 
(Hp  (0.72/ Pr)0  57,  where  0.71  ^  Pr  ^  37.6.t 


2.3  EFFECT  OF  AXIAL  HEAT  CONDUCTION 

Axial  heat  conduction  represents  the  process  of  transferring  heat  in  the  coolant  due  to  the 
axial  fluid-bulk-mean  temperature  gradient.  This  temperature  gradient  is  constant  for  the  case  of 


t  This  conversion  factor  was  proposed  by  Webb,  Eckert,  and  Goldstein  (1971). 
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uniform  axial  heat  input.  It  will  not  be  a  constant  for  this  study  since  there  is  an  abrupt  transi¬ 
tion  to  zero  heat  flux  at  the  perimeter  of  the  heat  souree.  When  fluid  axial  conduction  is  consi¬ 
dered,  part  of  the  energy  transferred  from  the  wall  goes  to  fluid  enthalpy  rise,  and  the  remainder 
is  conducted  by  the  fluid  to  the  end  headers  of  the  duet. 

The  Peelet  number  represents  the  ratio  of  the  thermal  energy  eonveeted  to  the  fluid  (fluid 
enthalpy  rise)  to  the  thermal  energy  conducted  within  the  fluid.  It  ean  be  shown  that  the  Peelet 
number,  Pe,  is  given  by 

Pe  =  RePr  (2.21) 

The  relative  importance  of  axial  heat  conduction  ean  be  represented  by  the  inverse  of  the  Peelet 
number.  As  a  general  rule,  axial  heat  conduction  may  be  negleeted  if  (1/RePr)  <  0.01  [see  Kays 
and  Crawford  (1980)].  In  this  study,  this  condition  is  satisfied  since  Pr  >  1.0  and  generally 
Re  »  100.  Therefore,  the  effect  of  axial  heat  conduction  in  the  fluid  will  be  ignored. 

The  effeet  of  axial  heat  conduction  in  the  ehip  substrate  material  ean  be  significant.  This 
topie  is  diseussed  in  Seetion  3.4. 


2.4  EFFECT  OF  VISCOUS  DISSIPATION 


The  work  done  by  the  fluid  on  adjacent  layers  due  to  the  aetion  of  shear  forees  is  usually 
referred  to  as  “viseous  dissipation,"  In  “layman's  terms,"  it  represents  the  conversion  of  mechan¬ 
ical  energy  (fluid  pressure!)  into  heat.  As  the  fluid  flows  downstream,  it  experiences  a  pressure 
drop  due  to  frietion.  This  pressure  drop  is  converted  into  thermal  energy,  which  causes  the  fluid 
temperature  to  rise  (assuming  an  adiabatic  wall). 

An  energy  equation  (with  an  adiabatic  wall)  that  accounts  for  viseous  dissipation  is 

APV  -  rhCp|ATpUmpJ  (2.22) 

where  AP  is  the  coolant  pressure  drop,  V  is  the  volumetric  flow  rate,  m  is  the  mass  flow  rate, 

Cpj  is  the  specific  heat,  ATpump  is  the  coolant  temperature  rise  due  to  viscous  heating,  and  J  is 
the  mechanical  equivalent  of  heat  (1  Nm/J  in  SI  units,  and  778.163  lbf  ft/Btu  in  English  units). 
Substituting  m  =  pj-V  and  rearranging  gives 


AP 

PUmP  =  pfCpfJ 


(2.23) 


which  is  independent  of  the  heat  flux  applied  at  the  wall  (assuming  average  coolant  properties). 
Therefore,  the  effeet  of  viseous  heating  eannot  be  put  into  the  form  of  a  thermal  resistance  (see 
Section  4). 


t  For  this  study,  it  is  assumed  that  the  liquid  coolants  are  essentially  incompressible.  Therefore, 
momentum  changes  due  to  variations  of  density  with  pressure  do  not  exist. 
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For  this  study,  the  effect  of  viscous  dissipation  on  the  thermal  response  is  small,  but  can  be 
significant  if  the  pressure  drop  is  large.  For  example,  21.1 1°C  (70°F)  water  flowing  under  a  pres¬ 
sure  drop  of  206.8  kPa  (30  psi)  will  experience  a  temperature  rise  of  about  0.05°C  (0.09°F). 

2.5  EFFECT  OF  NATURAL  CONVECTION 

A  convective  velocity  will  be  generated  by  buoyancy  forces  resulting  from  fluid  density 
changes  near  the  heated  microchannel  surfaces.  This  type  of  convection  is  often  referred  to  as 
“free"  or  “natural"  convection.  It  may  have  a  significant  effect  on  the  microchannel  heat  transfer 
if  the  forced  convection  velocity  through  the  microchannels  is  low  enough. 


GrPr(De/L) 


Figure  2-17  Regimes  for  free,  forced.  and  mixed  convection  for  flow  through  tubes  (due  to  Mentis 
and  Eckert).  [Taken  from  Rohsenow,  Hartnett,  and  Gann  '(1985b).] 
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Metais  and  Eckert  (1964)  have  classified  the  flow  regimes,  and  their  results  are  shown  in 
Figure  2- 1 7. t  The  Grashof  number  Gr  is  the  ratio  of  the  buoyancy  to  viscous  forces,  and  is  given 
by 

gPfDgdT/? 

Gr  = - - -  (2.24) 

**  f 

where  g  is  the  acceleration  of  gravity,  pf  is  the  coolant  density,  De  is  the  equivalent  diameter,  J3 
is  the  volumetric  coefficient  of  expansion,  pf  is  the  coolant  dynamic  viscosity,  and  AT  is  the  wall 
to  hulk  coolant  temperature  difference.  Lines  1  and  2  in  Figure  2-17  are  used  in  this  study  to 
approximate  the  separation  between  the  purely  forced  convection,  and  the  mixed  convection 
regions.  They  represent  a  rough  estimate  of  the  limit  to  the  forced  convection  regime  where  natu¬ 
ral  convection  effects  arc  likely  to  be  <  10  percent. 

If  the  Reynolds  number  is  large  enough,  and  the  GrPrDe/L  product  is  small  enough,  then 
superimposed  natural  convection  will  not  be  important.  For  How  of  water  at  room  temperature 
(pf  =  997.4  kg/m-\  =  9.8  X  10"4  kg/rns,  /3  -  2A2  X  10~4  °C~*)  through  a  channel  (De  of  order 
200  pm)  with  AT  of  order  100°C  (maximum)  and  g  =  9.81  m/s2,  the  Grashof  number  is  about 
0.2.  Since  Pr  is  of  order  7.0  and  De/L  of  order  1.0  or  smaller,  the  GrPrDe/L  product  is  of  order 
1.4.  This  is  indeed  very  small  and  suggests  that  superimposed  natural  convection  is  not  impor¬ 
tant.  Therefore,  no  attempt  has  been  made  to  account  for  natural  convection  effects  in  the  com¬ 
puter  model. 


2.6  EFFECT  OF  TEMPERATURE  VARYING  PROPERTIES 


The  How  friction  and  heat-transfer  solutions  presented  in  the  previous  sections  were  based  on 
the  assumption  of  constant  fluid  properties  throughout  the  entire  flow  field.  Surface  heat  transfer 
necessitates  that  the  temperature  of  the  fluid  near  the  wall  is  higher  than  the  local  “mixed-mean” 
temperature.  Property  variations  due  to  temperature  gradients  within  the  fluid  will  cause  “distor¬ 
tion"  of  the  velocity  and  temperature  profiles,  which  will  affect  the  thermal-hydraulic 
performance. 

For  most  liquids,  the  thermal  conductivity,  the  density,  and  the  specific  heat  are  relatively 
independent  of  temperature.  The  dynamic  viscosity,  and  consequently  also  the  Prandtl  number, 
are  very  temperature  dependent. 


The  “property  ratio"  method  is  used  in  this  study  to  account  for  fluid  property  variations. 
The  values  of  the  variable  property  friction  factor  and  Nusselt  number  are  obtained  from 


cp 


M\v 

Mb 


M 


(2.25) 


t  Figure  2-17  is  for  flow  through  vertical  tubes.  The  results  for  horizontal  tubes  and  noncircular 
cross  sections  are  reasonably  similar. 
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Nu 


(2.26) 


N 


where  the  subscript  cp  represents  the  variable  obtained  using  constant  properties  evaluated  at  the 
bulk  temperature.  Similarly,  is  evaluated  at  the  average  wall  surface  temperature,  and  is 
evaluated  at  the  average  bulk  temperature.  The  values  of  the  exponents  N  and  M  for  fully  devel¬ 
oped  laminar  and  turbulent  flow  used  in  this  study  are  listed  in  Table  2-13.  They  were  obtained 
from  Kays  and  London  (1984).  It  is  assumed  in  this  study  that  the  values  listed  in  Table  2-13 
also  apply  for  developing  flow. 


TABLE  2-13 

Property  Ratio  Method  Exponents 

[Obtained  from  Kays  and  London  (1984)] 

Flow  Regime 

N 

M 

Laminar 

-0  14 

+0  58 

Turbulent 

-Oil 

+0.25 

2.7  EFFECT  OF  NONUNIFORM  PASSAGES 

In  microchannel  heat  sinks,  or  any  compact  heat  exchanger,  the  passage  geometries  are  never 
uniform  and  identical.  Cross-section  nonuniformities  can  have  a  significant  effect  on  the  thermal 
and  fluid  performance.  Differently  sized  and  shaped  passages  will  exhibit  different  flow  resistance, 
and  the  fluid  will  be  distributed  unevenly.  This  effect  is  apparently  most  important  for  laminar 
flow  in  continuous  passages  which  do  not  allow  transverse  flow  mixing  between  passages. 

Shah  and  London  (1980)  have  analytically  studied  the  changes  in  the  friction  factor  and 
heat-transfer  coefficients  due  to  passage-to-passage  nonuniformity.  Their  results  indicate  that  the 
effect  on  the  Nusselt  number  is  larger  than  that  on  the  friction  factor.  For  the  case  of  uniform 
axial  heat  flux  in  an  a  -  8  channel,  a  5-percent  deviation  in  channel  size  results  in  about  a 
4-percent  drop  in  the  Nusselt  number  and  about  a  1 -percent  drop  in  the  friction  factor.  If  the 
channel  deviation  is  doubled,  the  reductions  are  about  12  percent  and  2.5  percent,  respectively. 

Shah  and  London  (1980)  consequently  recommend  that  manufacturing  tolerances  should  be 
kept  to  within  5  percent.  The  microchannel  heat  sinks  used  in  the  experimental  portion  of  this 
study  appear  to  meet  this  design  recommendation  (see  Section  5).  Consequently,  no  attempt  was 
made  to  account  for  the  effect  of  passage  nonuniformities  in  the  computer  model. 


52 


79929  25 


2.8  INTERRUPTED  FINS 


The  numerical  models  that  will  be  presented  in  Section  4.5  will  show  that  the  thermal  per¬ 
formance  is  best  when  the  flow  at  the  channel  exit  is  not  fully  developed.  For  the  parallel-plate 
passages  used  there,  the  departure  from  fully  developed  flow  is  achieved  in  part  by  increasing  the 
hydraulic  diameter  (by  increasing  the  channel  width).  Given  the  same  coolant  velocity,  the 
thermal-hydraulic  boundary  layers  are  less  fully  developed  at  the  channel  exit,  and  therefore  both 
the  heat-transfer  coefficient  and  the  friction  coefficient  are  larger. 

Another  method  of  attaining  departure  from  fully  developed  flow  is  to  reduce  the  fin  length 
while  keeping  the  hydraulic  diameter  constant.  This  so-called  use  of  perforated  surfaces  or  inter¬ 
rupted  fins  is  shown  schematically  in  Figure  2-18  for  the  two  most  common  geometries:  in-line 
and  staggered.  Interrupted  fins  can  augment  the  overall  heat-transfer  coefficient  by  50  to  100  per¬ 
cent  due  to  flow'  separation,  secondary  flow,  and  periodic  starting  of  the  boundary  layer  on  the 
fins.  The  boundary  layers  at  the  top  and  bottom  of  the  channels,  though,  are  more  developed 


Figure  2-18.  Schematic  of  interrupted  Jins,  (a)  in-line  anil  (h)  .staggered. 
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than  those  on  the  fins  because  of  less  effective  flow  mixing  at  the  top  and  bottom.  Interrupted- 
fin  channels  allow  for  transverse  coolant  mixing  which  spreads  out  the  high  coolant  temperatures 
downstream  from  zones  of  high  heat  dissipation.  They  also  draw  more  coolant  to  the  hot-spots 
since  the  coolant  viscosity  is  usually  lower  there  [Tuckerman  and  Pease  (1981b)].  Finally, 
interrupted-fin  channels  are  less  susceptible  to  catastrophic  thermal  failures  due  to  channel  clog¬ 
ging,  and  therefore  are  less  susceptible  to  problems  caused  by  manufacturing  tolerance  errors. 

Clearly,  interrupted  fins  offer  several  potential  advantages  if  they  are  designed  correctly. 
Unfortunately,  even  though  design  and  analysis  of  compact  heat  exchangers  has  been  in  progress 
for  several  decades,  there  are  very  few'  generalized  correlations  that  can  predict  their  performance 
[Bergles  in  Rohsenow,  Hartnett,  and  Ganic  (1985a)].  Those  which  are  available  are  usually 
limited  to  flow  of  air  through  specific  heat  exchanger  geometries.  Ultimately,  each  interrupted-fin 
design  must  be  evaluated  experimentally  to  determine  the  performance. 

Given  the  lack  of  general  correlations,  the  remainder  of  this  section  presents  results  of  sev¬ 
eral  studies  directed  toward  understanding  the  thermal-hydraulic  characteristics  of  interrupted-fin 
heat  exchangers.  The  flow  past  a  single  plate  aligned  parallel  to  the  flow  will  first  be  reviewed  to 
establish  the  potential  size  of  the  recirculation  zones  due  to  flow  separation  at  the  leading  edge  of 
the  plate.  The  flow  past  a  pair  of  collinear  plates  aligned  parallel  to  the  flow  will  then  be 
reviewed  in  order  to  establish  the  conditions  for  unsteady  flow  (transverse  flow)  between  the  two 
plates.  There  will  also  be  a  discussion  of  the  possible  excitation  of  resonance  due  to  unsteady 
flow.  The  flow  past  arrays  of  interrupted  fins  will  then  be  discussed  to  establish  the  conditions 
when  in-line  or  staggered  fin  arrays  are  preferred.  There  will  be  a  brief  review  of  the  wrork  done 
by  the  Stanford  researchers  with  “pin-fin"  designs  that  did  not  provide  the  enhancement  in  heat 
transfer  which  they  anticipated.  At  the  end  of  this  section,  several  design  recommendations  are 
presented  which  should  provide  interrupted-fin  designs  that  are  competitive  with  continuous-fin 
designs. 

If  the  fin  separation  S  and  the  channel  width  wc  are  large,  then  each  fin  can  be  thought  of 
as  being  a  bluff  body  in  a  uniform-velocity,  and  uniform-temperature,  flow  field.  If  the  Reynolds 
number  is  sufficiently  large,  a  bluff-body  plate  aligned  parallel  to  the  flow  will  have  recirculation 
zones  form  due  to  flow  separation  at  the  leading  edge  (see  Figure  2-19).  It  is  well  known  that 
these  recirculation  zones  can  have  a  significant  insulating  effect  in  laminar  flow'.  In  turbulent 
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Figure  1-IV  Recirculation  zones  on  a  llut  /slate  aligned  parallel  to  the  flow  . 
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flow,  these  recirculation  zones  tend  to  be  less  insulative  due  to  periodic  shedding  and  mass 
transport  across  the  recirculation  boundary.  For  laminar  flow  of  water  past  long  plates 
(8  <  L/ww  <  16),  Lane  and  Loehrke  (1980)  found  that  a  recirculation  zone  first  forms  when 
Rei  =  Vct /vf  ^  100.  As  Ret  is  increased,  the  recirculation  zone  grows  to  a  maximum  size  of 
l-  6.5t  at  Ret  =  325.  At  higher  Ret  the  recirculation  is  unsteady  which  causes  the  zone  to  decrease 
in  size  due  to  increased  momentum  transfer.  For  Ret  >  500,  the  recirculation  length  is  relatively 
constant  at  £^4t  for  both  laminar  and  turbulent  flow.  For  laminar  flow  of  water  past  short 
plates  (2  <  L/w^  <  4),  Lane  and  Loehrke  (1980)  found  that  the  length  of  the  recirculation  zone 
tends  to  be  smaller,  but  that  the  reattachment  point  tends  to  stick  to  the  trailing  edge  (l~  L)  for 
Ret  >  200  to  400.  From  these  results,  it  can  be  concluded  that  Ret  must  be  very  small  (say  <100) 
or  that  L  »  4t  for  large  Ret  (say  >500).  Otherwise,  the  recirculation  zones  will  extend  over  a 
significant  portion  of  the  fin  length  and  therefore  will  retard  heat  transfer  in  that  region  (at  least 
for  laminar  flow). 

The  results  for  single  plates  apply  for  large  plate  separations.  Lane  (1980)  has  studied  flow 
past  multiple  in-line  plates,  and  found  that  there  was  no  flow'  separation  for  small  plate  separa¬ 
tion  (S  <  4ww).  Therefore,  flow  separation  and  the  associated  recirculation  zones  may  not  be  a 
problem  if  the  plate  separation  is  sufficiently  small. 

Pairs  of  eollinear  plates  aligned  parallel  to  the  flow  (see  Figure  2-20)  have  been  studied  by 
several  researchers  in  order  to  gain  insight  into  the  flow  phenomenon  that  apply  to  interrupted- 
fin  heat  exchangers.  In  such  studies,  it  is  presumed  that  the  downstream  plate  is  more  or  less 
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Figure  2-20.  Schemata  of  eollinear  plates. 


representative  of  interrupted-fin  arrays.  Cur  and  Sparrow  (1978)  obtained  the  experimental  results 
shown  in  Figure  2-21.  From  these  results  it  can  be  inferred  that  increasing  the  Reynolds  number 
and  increasing  the  fin  thickness  promote  flow  homogenization  with  a  corresponding  reduction  in 
the  preheating  effect  of  the  upstream  plate.  The  lowest  Nusselt  numbers  are  obtained  for  zero 
spacing,  and  there  is  a  tendency  of  leveling  off  at  higher  spacings.  It  is  also  clear  that  the  tradi¬ 
tional  spacing  ratio  of  S/L=  1.0  is  not  necessarily  the  best  spacing  even  though  it  is  used  in 
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ww/wc  =  0  0378  Ww/wc  0.0760  ww/wc  =  0  1139 


Figure  2-21.  Sasseh  number  variation  with  inter-plate  spacing.  [Abstracted  from  Cur  and  Sparrow  (1978).] 


many  conventional  compact  heat  exchangers.  For  ww/L  =  0.04,  if  Red  =  VcDc/i/f  is  very  large,  the 
best  plate  spacing  appears  to  be  S/L  **  0.25.  For  \vw/L  =  0.04  and  0.08,  if  a  moderate  Red  is 
used,  the  best  plate  spacing  appears  to  be  S/L  0.5.  For  ww/L  =  0. 12,  the  best  plate  spacing 
appears  to  be  S/L  ^  0.5  for  low  Red,  and  S/L  ^  1.0  for  large  Red.  Cur  and  Sparrow  (1978)  also 
obtained  experimental  results  for  the  dimensionless  pressure  drop  shown  in  Figure  2-22.  It  is 
clear  that  the  pressure  drop  goes  up  drastically  as  the  plate  thickness  increases.  The  percentage 
increase  in  the  pressure  drop  is  larger  than  the  increase  in  the  mean  Nusselt  number.  In  addition, 
the  pressure  drop  is  relatively  insensitive  to  the  plate  separation,  and  therefore  the  plate  separa¬ 
tion  should  be  selected  based  on  heat-transfer  considerations. 

Roadman  and  Loehrke  (1983)  also  have  investigated  the  collinear  plate  problem.  They  found 
that  unsteady  flow  begins  for  S/b  >4  when  the  Reynolds  number  based  on  wake  widtht  Reb  > 
~  1 50  (see  Figure  2-23).  Higher  Reynolds  numbers  must  be  achieved  before  the  instability  starts 
when  S/b  <4.  For  a  given  plate  separation,  increasing  the  Reynolds  number  above  the  critical 
values  increases  the  amplitude  of  the  wake  oscillations  in  channels. 


t  Reb  -  Vcb/Tf  where  b  =  ww  +  26  is  the  boundary  layer  momentum  thickness  at  the  trailing  edge 
of  the  upstream  plate  computed  using  the  Blasius  profile. 
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Figure  2-22.  Dimensionless  pressure  drop  variation  with  inter-plate  spacing. 
[Abstracted  from  Cur  and  Sparrow  (1978).] 
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Figure  2-23  Conditions  for  the  onset  of  periodic  flow  between  col  linear  plates 
[Taken  from  Roadman  and  Loehrke  (1983).] 
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Loehrke,  Roadman,  and  Read  (1976)  found  that  interrupted  fins  may  enhance  laminar  heat 
transfer  as  well  as  provide  an  early  transition  and  augmentation  in  the  turbulent  regime.  Shah 
and  Osborne  (1967)  found  that  (a)  there  is  little  effect  of  the  plate  separation  for  S/ww  <  1 
when  Ret  ~  10,000,  (b)  there  is  a  transition  to  turbulence  of  the  separated  shear  layers  for 
S/ww  >  1.25,  and  (c)  that  oscillating  cross-flow  appears  between  the  gap  for  S/ww  >  2.  Liang 
(1975)  found  that  for  Ret  «  500,  there  is  apparently  no  cross-flow  for  S/ww  <  3. 

One  potential  problem  that  has  not  been  mentioned  is  the  possibility  of  exciting  resonance 
conditions  within  the  liquid  coolant  and/or  the  fins.  Strong  acoustic  emission  has  been  known  to 
occur  due  to  vortex  shedding.  It  has  been  shown  by  Johnson  and  Loehrke  (1984)  that  the  purely 
hydrodynamic  resonance  condition  (which  is  independent  of  the  plate  properties)  for  flow  past  a 
pair  of  collinear  plates  can  be  obtained  when  S  ~  4nww  where  n  is  an  integer.t  The  measured 
sound  is  low  when  the  plate  spacing  is  out  of  phase,  and  highest  when  the  plate  spacing  is  in 
phase,  with  the  first  significant  peak  occurring  when  n  =  2.  This  means  that  plate  spacings  of 
S  ~  8t,  1 2t,...  should  be  avoided  because  they  might  excite  vibration  in  the  fins. 

The  empirical  results  obtained  using  collinear  plates  are  helpful  in  understanding  the  flow 
phenomenon  of  interrupted-fin  heat  exchangers,  but  they  do  not  address  either  the  effects  of  fins 
further  downstream,  or  the  effects  of  the  fins  on  the  opposite  side  of  the  adjacent  flow  channels. 
Several  researchers  have  numerically  analyzed  “fully  developed'’  flow  in  the  interrupted-fin  arrays 
shown  in  Figure  2-18.  The  flow'  is  “fully  developed”  in  the  sense  that  it  obtains  a  “periodic”  fully 
developed  behavior  after  a  relatively  short  entrance  region  of  five  to  ten  ranks  of  plates.  Unfor¬ 
tunately,  this  author  is  only  aware  of  laminar  flow  analyses  which  fix  S/L=  1,  but  a  review  of 
such  numerical  results  will  provide  additional  insight. 

Sparrow  and  Liu  (1979)  analyzed  both  in-line  and  staggered  arrays  with  the  assumption  that 
the  fin  thickness  was  negligible.  For  the  fixed-mass-flow-rate  constraint,  the  in-line  arrays  had  a 
slightly  higher  effectiveness,  but  this  was  at  the  cost  of  a  larger  relative  increment  in  the  pressure 
drop  than  the  effectiveness  increment.  For  the  fixed-pumping-power  constraint,  the  results  were 
mixed.  In-line  arrays  were  found  to  have  slightly  better  effectiveness  if  Red  >  ~1000  when  Lex/ 

L  »  10,  and  if  Red  >  »  1800  when  Lex/L  »  20,  where  Lex  is  the  heat  exchanger  length.  For 
lower  Red  at  the  same  and  larger  values  of  Lex/L,  it  was  found  that  staggered  arrays  had  better 
performance  with  the  cost  of  a  higher  mass  flow  rate  (than  in-line  arrays)  which  results  in 
system-wide  pressure  drops  that  may  be  larger. 

Shah  (1979)  presents  a  discussion  of  a  paper  by  Sparrow,  Baliga,  and  Patankar  (1977),  in 
which  it  is  shown  that  there  “appears”  to  be  no  advantage  in  reducing  the  fin  length  below  a  cer¬ 
tain  value.  For  L*  =  L/(4HRedPr)  <  0.0005,  Num  j  is  smaller  than  that  for  hydrodynamically 
developed  flow,  and  for  L*  >0.017,  NumT  is  larger  than  that  for  simultaneously  developing  flow 
(see  Figure  2-24).  It  is  shown  that  Num  j  approaches  an  asymptotic  limit  rather  than  infinity  for 
small  L*.  The  conclusion  that  there  is  a  minimum  useful  fin  length  seems  plausible. 


t  For  comparison,  S  **  4nd  for  cylindrical  rods  where  d  is  the  rod  diameter. 
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L#  =  L/(4HRePr) 


Figure  2-24.  Comparison  of  interrupted-fin  and  continuous-fin  mean  Susselt  numbers. 
[Taken  from  Shah  (1979).] 


Patankar  and  Prakash  (1981)  have  numerically  analyzed  “periodic”  fully  developed  laminar 
ilow  in  staggered  interrupted-fin  arrays.  They  found  that  the  heat  transfer  from  the  upstream  end 
of  the  plate  was  rather  small  and  that  the  downstream  end  of  the  plate  was  always  rather  inac¬ 
tive  due  to  the  separated  flow  there. 

Wieting  (1975)  has  provided  correlations  based  on  empirical  data  for  the  friction  factor  and 
the  colburn  modulus  (j  =  StPr2  3)  for  22  configurations  of  staggered-fin  arrays.  The  equations 
were  limited  to  S/L=  1.  which  was  shown  previously  to  be  not  necessarily  the  best  plate  spacing. 
Even  so,  his  results  are  important  because  he  found  that  the  flow  was  predominantly  laminar  for 
Red  <  1000,  and  predominantly  turbulent  for  Red  >  2000.  The  transition  region  was  between 
Red =  1000  and  2000. 
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Tuckerman  and  Pease  (1981b,  1982)  and  Tuckerman  (1984)  have  manufactured  and  tested 
microchannel  heat  sinks  with  interrupted  fins.  They  used  an  in-line  array  of  “pin-fins"  with 
wc  =  S  ~  55  jum  and  ww  =  L  ~  35  jum.  Their  experimental  results  did  not  show  the  anticipated 
heat-transfer  augmentation,  but  instead  showed  a  ten-percent  degradation  in  the  thermal  perfor¬ 
mance.  There  are  several  factors  which  may  account  for  this  result,  but  the  most  likely  ones  are 
that  the  Reynolds  number  may  have  been  too  low  (generally  Red  <  700),  the  ratio  of  the  fin 
width  to  the  channel  width  may  have  been  too  large  to  allow  vortex  generation  and  unsteady 
flow  to  occur,  the  ratio  of  the  fin  length  to  the  fin  thickness  may  have  been  too  low,  and  the 
ratio  of  the  fin  separation  to  the  fin  thickness  may  have  been  too  small. 

From  the  discussion  presented  earlier  in  this  section,  several  design  recommendations  can  be 
drawn  which  should  provide  enhancement  in  heat  transfer.  They  are: 

(a)  The  ratio  of  the  fin  separation  to  the  fin  length  of  S/L  ^0.5  appears  to  be 
best  because  of  the  peak  in  the  curves  for  the  mean  Nusselt  number  at  mod¬ 
erate  Reynolds  number  (see  Figure  2-21).  Note  that  the  pressure  drop  appears 
to  be  relatively  insensitive  to  the  fin  separation  S. 

(b)  The  ratio  of  the  fin  separation  to  the  fin  thickness  should  be  in  the  range  of 
about  2  <  S/ww  <  4  to  ensure  enhanced  mixing  due  to  unsteady  flow.  Note 
that  S/ww  ~  2  applies  for  large  Ret  (~104),  and  S/ww  —4  applies  for  small 
Ret  (^200).  Note  also  that  S/ww  ~  8  was  found  to  be  the  first  significant 
acoustic  peak,  but  that  there  is  also  a  small  acoustic  peak  at  S/ww  ^  4. 

(c)  Given  the  two  previous  design  recommendations,  the  ratio  of  the  fin  length  to 
the  fin  thickness  should  be  in  the  range  of  about  4  <  L/ww  <  8. 

(d)  The  ratio  of  the  fin  thickness  to  the  channel  width  should  be  minimized  to 
keep  the  pressure  drop  small  (hopefully  ww/wc  <0.1). 

(e)  The  flow  Reynolds  number  should  be  about  Re^  >  1000  to  2000  in  order  to 
ensure  turbulent  flow  (if  not  at  least  highly  mixed  laminar  flow). 

(0  Either  in-line  or  staggered  arrays  can  be  used,  but  in-line  arrays  are  generally 
easier  to  manufacture. 

Interrupted-fin  microchannel  heat-sink  designs  based  on  these  recommendations  should  provide  a 
thermal  performance  which  is  at  least  competitive  with  continuous-fin  designs  if  the  coolant  flow 
rate  is  large  enough.  The  actual  thermal-hydraulic  performance,  though,  will  probably  have  to  be 
determined  experimentally. 

2.9  SECTION  SUMMARY 

To  conclude  this  section,  some  of  the  major  results  will  be  summarized. 

For  analysis  purposes,  it  is  assumed  that  there  is  a  “sudden"  transition  at  the  critical  Rey¬ 
nolds  number  between  laminar  and  turbulent  flow. 
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The  smooth-duet,  fully  developed  and  developing  flow,  laminar  friction  faetors  will  be 
obtained  from  Table  2-5. 

The  “laminar  equivalent  diameter"  is  used  for  turbulent  flow  beeause  the  turbulent  friction 
factors  predicted  using  the  traditional  hydraulic  diameter  in  the  Karman-Nikuradse  relation  are 
too  low.  Friction  faetors  for  fully  developed  and  developing  turbulent  flow  in  smooth  duets  will 
be  obtained  using  Equation  (2.6).  The  use  of  this  equation  appears  to  be  conservative. 

The  pressure  drop  in  the  mieroehannel  heat  sink  will  be  obtained  using  Equation  (2.9). 

The  smooth-duet  Nusselt  number  for  fully  developed  and  developing  laminar  flow  will  be 
obtained  using  Tables  2-8  and  2-1  I,  and  Equation  (2.12). 

The  smooth-duet  Nusselt  number  for  turbulent  flow  will  be  obtained  using  the  modified 
Gnielmski  correlation  [Equation  (2.16)].  The  use  of  this  equation  appears  to  be  conservative. 

The  friction  factor  and  Nusselt  number  for  fully  developed  turbulent  flow  in  repeated-rib- 
roughened  channels  will  be  obtained  using  Equations  (2.16)  to  (2.20).  I  he  pressure  drop  for 
repeated-rib-roughened  channels  will  be  obtained  using  Equation  (2.9)  with  fj  or  f2  replacing  f. 

The  effect  of  viscous  dissipation  will  eause  the  coolant  temperature  to  rise  nearly  independ¬ 
ent  of  the  heating  rate  (due  to  property  variations).  Equation  (2.23)  will  be  used  to  prediet  the 
temperature  rise. 

The  effect  of  superimposed  natural  convection  was  studied  and  found  to  be  small  enough  to 
ignore. 

The  effect  of  temperature  var>ing  properties  was  found  to  be  important  due  to  variations  in 
the  dynamic  viscosity.  Equations  (2.25)  and  (2.26)  will  be  used  to  account  for  the  effect  on  the 
friction  faetor  and  the  Nusselt  number. 

The  effect  of  nonuniform  passages  was  found  to  be  important.  Nonuniformity  in  channel 
sizes  should  be  kept  to  within  five  percent  to  avoid  significant  changes  in  the  friction  faetors  and 
Nusselt  numbers. 

Finally,  the  use  of  interrupted-fin  channels  was  reviewed,  and  several  design  recommenda¬ 
tions  were  listed.  It  will  be  shown  in  Section  4.7  that  interrupted-fins  will  be  used  primarily  for 
thermal  spreading  enhancement  downstream  of  “hot  spots,"  and  for  prevention  of  catastrophic 
failure  due  to  channel  clogging. 
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3.0  CONDUCTION  HEAT  TRANSFER 


The  purpose  of  this  section  is  to  provide  an  overview  of  conduction  heat  transfer  in  solids  as 
it  applies  to  this  study.  The  physics  of  the  heat  conduction  process  will  he  briefly  discussed.  Fol¬ 
lowing  this  will  be  an  overview  of  theoretical  models  used  to  predict  the  temperature  drop 
through  materials  with  continuous  and  discrete,  heat  sources  and  sinks.  An  analysis  of  heat 
transfer  from  extended  surfaces  (fins)  will  then  be  presented.  An  analysis  will  be  presented  that 
models  the  thermal  spreading  at  the  heater  perimeter. 

3.1  PHYSICS  OF  THE  HEAT  CONDUCTION  PROCESS 

The  rate  at  which  energy  is  diffused  in  a  material  is  proportional  to  the  temperature  gradient 
and  the  thermal  conductivity  of  the  material.  Several  carriers  of  heat  can  contribute  to  the  ther¬ 
mal  conductivity.  Some  of  them  are:  phonons  (the  quantized  modes  of  vibration  of  the  atoms  in 
the  solid),  electron-hole  pairs,  and  separate  electrons  and  holes.  The  thermal  conductivity  kw  is 
composed  of  the  contributions  of  each  carrier.  It  can  be  shown  that 

k«  =  7  2CjvjAj  (3.1) 

j 

where  j  denotes  each  type  of  carrier,  Cj  is  the  contribution  of  the  carrier  j  to  the  specific  heat  per 
unit  volume,  Vj  is  the  velocity  of  the  carrier,  and  A(  is  the  mean  free  path.  The  dominant  carrier 
mode  in  pure  metals  (resistivities  up  to  5  /uii  cm)  is  electron  flow  [Touloukian  (1970)].  In  semi¬ 
conductors,  virtually  all  the  heat  is  transferred  by  phonons  at  temperatures  below  600°K 
[Maycock  (1967)]. 

The  mean  free  path  of  the  carrier  is  of  importance,  because  if  it  is  too  large,  it  will  be  neces¬ 
sary  to  make  corrections  in  the  heat  conduction  equation  that  accounts  for  the  microscopic  the¬ 
ory  of  heat  flow.  Conversely,  if  the  mean  free  path  is  small  compared  to  the  size  of  the  device 
structures,  then  the  macroscopic  or  continuum  theory  of  conduction  is  adequate. 

For  moderate  temperatures,  it  is  known  that  the  phonon  mean  free  path  decreases  with 
increasing  temperature.  For  example,  Gereth  and  Hubner  (1964)  determined  that  silicon  has  a 
phonon  mean  free  path  of  about  20  at  200°K,  which  decreases  to  about  1  1  at  260°K. 
Extrapolation  of  their  results  indicates  that  the  phonon  mean  free  path  is  much  less  than  10 
at  room  temperature,  Tuckerman  (1984)  presents  a  phonon  mean  free  path  of  silicon  at  room 
temperature  that  is  much  smaller  than  1  jum.  Since  the  smallest  dimension  of  the  microchannel 
heat-sink  structures  is  typically  >50  ^m,  it  appears  reasonable  to  use  the  continuum  theory  of 
conduction  if  the  operating  temperature  is  kept  above  say  200°K.+ 


+  Literature  searches  in  several  data  bases  proved  unsuccessful  in  determining  the  phonon  mean 
free  path  of  indium  phosphide  (InP),  which  is  the  material  of  primary  interest  for  this  study.  It  is 
expected  that  the  phonon  mean  free  path  of  InP  will  be  in  the  submicron  range  at  room  temper¬ 
ature  [Walpole  (1986)] 
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The  thermal  conductivity  of  several  pure  materials  is  shown  in  Figure  3-1.  In  general,  the 
thermal  conductivity  of  the  metals  is  much  higher  than  that  of  semiconductors  due  to  the  effec¬ 
tiveness  of  free  electron  carriers  in  pure  metals.  It  is  difficult  to  predict  the  thermal  conductivity 
of  a  material  due  to  variations  in  the  number  of  dislocations,  the  doping  level,  and  the  amount 
of  alloying.  Maycock  (1967)  asserts  that  the  thermal  conductivity  may  be  reduced  by  as  much  as 
30  percent  by  high  levels  of  doping. t  The  effect  of  alloying  is  even  more  severe,  as  Figure  3-2 
clearly  shows. 

Clearly,  small  changes  in  the  composition  of  a  material  can  have  a  significant  affect  on  the 
thermal  conductivity.  The  validity  of  the  thermal  response  predictions  will  be  sensitive  to  the 
accuracy  of  the  thermal  conductivity  values  used  (see  Section  4). 


Figure  3-1  Thermal  conductivity  vs  temperature  of  various  materials.  [Thermal  conductivity  values 
obtained  from  the  sources  listed  in  subroutines  PROPSl-7  (see  Appendix  E).] 


f  Apparently,  a  good  “rule  of  thumb"  is  to  decrease  the  conductivity  obtained  for  pure  semicon¬ 
ductors  by  20  percent  for  highly  doped  samples  [Maycock  (1967)]. 
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Figure  3-2.  Thermal  conductivity  of  In- As- P. 
[  Tak  en  from  XI ay  cock  (1967 ).] 


3.2  CONTINUOUS  AND  DISCRETE,  HEAT  SOURCES  AND  SINKS 

The  purpose  of  this  section  is  to  present  the  equations  that  are  used  to  compute  the  temper- 
ature  gradients  in  several  portions  of  the  heat  flow  path,  from  the  heat  generating  source(s)  to 
the  ultimate  heat  sink  the  liquid  coolant.  Equations  will  be  presented  here  for  conduction 
through  planar  slabs,  and  for  conduction  through  “constrictions”  in  the  heat  flow  path. 

Heat  transfer  by  conduction  through  a  continuous  plane  slab  is  shown  in  Figure  3-3  for  the 
case  of  no  internal  heat  generation,  steady  state,  and  uniform  thermal  conductivity.  The  heat  flow 
is  easily  determined  to  be 

q"  =  kw  (T,  -  T2)  (3.2) 

d/  t 

where  q"  is  the  heat  flow  rate  per  unit  area,  t  is  the  slab  thickness,  Tj  is  the  hot  surface  tempera¬ 
ture,  and  T2  is  the  cool  surface  temperature. 

Kraus  and  Bar-Cohen  (1983)  present  the  analysis  done  by  Mikic'  for  determining  the 
temperature  at  discrete  heat  sources  and  sinks  on  the  face  of  the  conducting  medium.  Figure  3-4 
shows  this  “constriction  effect”  where  the  heat  flow  diverges  (converges)  in  the  region  next  to  the 
heat  source  (sink).  The  temperature  drop  between  the  center  of  the  heat  source  (sink)  on  one  side 
of  a  planar  slab,  and  a  uniform  heat  sink  (source)  on  the  other  side  of  the  slab  is  given  by 

ATtot  =  AT0  +  ATC  (3.3) 
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Figure  3-3.  Heat  transfer  by  conduction  through  a  plane  slab. 


Ill 


(b) 


Figure  3-4.  Heat  flow  "constriction  effect."  (a)  Source  and  (h)  sink. 
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where  ATtot  is  the  overall  temperature  difference,  AT0  is  the  temperature  difference  obtained 
assuming  a  uniform  source  on  one  side  and  a  uniform  sink  on  the  other  [Equation  (3.2)],  and 
ATC  is  the  constriction  effect 

Mikie’  has  determined  the  relationships  for  ATC  for  a  variety  of  cases.  Three  are  of  interest 
for  this  study.  They  arc: 

(a)  A  circular  heat  shouree  on  an  infinite  conducting  medium  [Figure  3-5(a] 


AT. 


2  v  7raku 

(b)  A  long  strip  heat  shourcc  on  a  finite  conducting  medium  [Figure  3-5(b)] 
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sin  (7ra  2b) 

where  1  »  a  and  l  »  b,  and  finally 

(c)  A  finite  length,  strip  heat  source  on  a  finite  conducting  medium 
[Figure  3-5(c)] 

A  rc  -  ATcl  +  a  tc2  +  atc3 

where 
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The  dimensions  a,  b,  c,  d,  and  L  are  defined  as  shown  in  Figure  3-5. 
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Figure  3-5.  Schematics  of  discrete  heat  sources,  (a)  Circular  heat  source .  (h)  long  strip 
heat  source,  and  (c)  short  strip  heat  source. 
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3.3  FIN  HEAT  TRANSFER 


Inspection  of  the  heat  transfer  equation  q  =  hAsurtAT  shows  that  in  order  to  obtain  a  larger 
rate  of  heat  transfer  q,  for  the  same  (or  smaller)  AT,  it  is  nescessary  to  increase  the  hAsurf  prod¬ 
uct.  One  way  to  increase  the  hAsurf  product  is  to  increase  Asurt  by  using  fins. 

Se\eral  fin  shapes  are  commonly  used  to  augment  heat  transfer.  In  this  study,  only  two 
shapes  are  good  candidates.  The  channel  fabrication  methods  of  precision  sawing  and  orientation- 
dependent  etching  in  indium  phosphide  result  in  the  nearly  rectangular  and  triangular  channel 
configurations  as  shown  in  Figure  3-6.  The  triangular  shape  only  increases  the  surface  area  by 
about  30  percent  (if  wu  ~  0).  The  rectangular  shape  allows  surface  area  increases  of  400  percent 
for  etching,  and  more  than  1000  percent  for  precision  sawing!  Therefore,  this  study  will  limit 
itself  to  rectangular  channels  and  rectangular  fins. 


Br;CH3OH  (2:98) 


H3P04:HCI  (3:1) 


(b) 


Figure  3-6.  Channel  configurations  obtained  b\  precision  sawing  and  orientation-dependent 
etching,  (a)  Precision  sa wing,  and  (b)  orientation-dependent  etching  [channels  on  0.010-in  cen¬ 
ters  in  the  (Oil)  direction]. 
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Several  assumptions  are  employed  to  limit  and  simplify  the  analysis  of  fin  heat  transfer.  In 
this  study,  thirteen  assumptions  are  used.  Each  assumption  will  be  listed,  and  each  one  will  be 
followed  by  a  discussion  of  how  realistic  it  is  for  this  study.  The  solution  of  the  fin  heat  transfer 
will  be  delayed  until  all  thirteen  assumptions  have  been  discussed. 

Assumption  1:  The  liquid  coolant  flow  is  steady  and  incompressible. 

For  all  practical  purposes,  the  liquid  coolants  used  in  this  study  are  incompressible  since  the 
pressure  drop  across  the  heat  sink  is  limited  to  a  few'  atmospheres.  Steady  flow  may  be  approxi¬ 
mated  if  there  is  a  suitably  sized  accumulator  upstream  of  the  heat  sink. 

Assumption  2:  The  power  dissipated  by  the  integrated  circuit  is  constant 
spatially  and  temporally. 

As  a  consequence  of  this  and  the  previous  assumption,  the  fin  temperature  profile  does  not 
vary  with  time.  The  primary  interest  of  this  study  is  to  compute  the  worst-case  thermal  resistance 
under  steady-state  conditions.  Transient  thermal  response  will  occur  when  the  chip  is  turned  “on” 
(“off’),  and  when  individual  gates  in  the  integrated  circuit  are  turned  “on”  (“off”).  For  this  study, 
the  chip  time  constants  are  much  less  than  one  second.  Therefore,  the  use  of  steady-state  analysis 
to  model  “reality”  is  a  good  approximation  provided  that  the  frequency  of  operation  (cycling)  is 
small  enough  (say  «1.0  Hz).  The  time  constants  for  the  individual  integrated  circuit  gates  are 
very  small.  This  is  due  to  their  small  feature  size.  It  is  reasonable  to  assume  that  the  effect  of 
individual  gates  becoming  active  (inactive)  is  small  since  the  overall  power  dissipation  does  not 
change  much. 

Assumption  3:  The  fin  thermal  conductivity  is  isotropic  (independent  of  crystal 
orientation)  and  constant  over  the  entire  length  of  the  fin. 

Anisotropicity  of  the  fin  thermal  conductivity  does  not  appear  to  be  important  for  the  heat¬ 
sink  materials  used  in  this  study,  and  therefore  will  be  ignored  in  the  analysis.  The  thermal  con¬ 
ductivity  is,  though,  a  function  of  the  fin-temperature  which  does  vary  along  the  fin  length.  In 
this  study,  the  thermal  conductivity  is  evaluated  at  an  “average”  fin  temperature  to  help  compen¬ 
sate  for  this  effect.  If  the  heating  rate  is  enormous,  the  variation  in  the  thermal  conductivity 
would  be  very  large.  It  would  then  be  necessary  to  solve  the  fin  conduction  equation  with 
temperature-dependent  thermal  conductivity,  or  to  divide  the  fin  into  several  short  sections  with 
locally  constant  thermal  conductivity.  The  latter  method  was  used  in  the  early  stages  of  this 
study,  but  was  abandoned  due  to  the  small  increase  in  computational  “accuracy”  obtained  with  a 
large  increase  in  computer  costs.  Appendix  A  presents  a  solution  procedure  for  the  sectioned-fin 
case  that  the  reader  can  use  to  modify  the  computer  program. 

Assumption  4:  The  thickness  of  the  fin  is  constant. 

The  accuracy  of  this  assumption  will  of  course  depend  on  method(s)  used  to  fabricate  the 
microchannels.  As  shown  in  Figure  3-6,  it  is  apparent  that  the  fin  thickness  is  not  constant  for 
sawn  channels,  which  show  “rounded”  channel  bases  and  some  fin  tapering.  The  rounded  region 
is  generally  limited  to  <5  to  10  percent  of  the  overall  fin  length.  Assuming  that  the  fin  thickness 
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is  constant  is  conservative  beeause  the  thermal  contraction  resistance  will  be  slightly  smaller  than 
that  predicted  using  Equation  (3.5)  where  the  ehannel  base  is  assumed  to  have  sharp  corners.  In 
addition,  the  rounding  at  the  base  of  the  channel  will  tend  to  reduce  the  nonuniformity  in  the 
heat-transfer  coefficient  in  that  region  (see  Assumption  13).  The  fin  thickness  nonuniformity  is 
not  a  problem  for  channels  fabricated  using  orientation-dependent  acid  etehing  in  indium  phos¬ 
phide  (see  Figure  3-6). 

Assumption  5:  The  temperature  gradient  through  the  fin  thickness  is  much  smaller 
than  the  temperature  gradient  along  the  height  of  the  fin. 

If  a  fin  is  thiek  or  short,  the  isotherms  through  the  fin  thickness  will  be  eurved.  Conversely, 
a  thin  fin  has  isotherms  that  are  relatively  straight.  Rohsenow  and  Choi  (1961)  provide  the  fol¬ 
lowing  criterion  which  must  be  satisfied  for  thin  fins 


2k, 


hww 


2kwDe 

Nukfww 


>  6.0 


(3.7) 


where  De  is  the  equivalent  diameter  of  the  flow'  channel.  For  this  study,  the  criterion  is  easily  sat¬ 
isfied.  For  example,  laminar  flow  of  water  (kf  ~  0.6  W/m°C)  in  a  large  aspect  ratio  ehannel  (Dc 
of  order  100  ^m)  in  indium  phosphide  (kw  ~  70  W/m°C)  with  Nu  ~  8.0  and  ww  of  order  50  ^m, 
the  fin  criterion  is  satisfied  because  58  »  6.0.  For  the  same  ease,  but  turbulent  flow  (Nu  ^  50), 
the  criterion  is  satisfied  beeause  9.3  >  6.0. 


Assumption  6:  There  are  no  heat  sources  within  the  fin. 

For  this  study,  this  assumption  is  valid  since  eleetrieal  eurrent  does  not  flow  through  the 
fins.  Appendix  B  presents  the  solution  of  a  fin  with  internal  heat  generation  that  the  reader  can 
use  to  modify  the  computer  program  to  suit  their  specific  application. 

Assumption  7:  The  fin  tip  is  adiabatie  (insulated). 

The  heat  flow  paths  at  the  fin  tip  are  shown  in  Figure  3-7.  In  reality,  some  heat  will  be  eon- 
ducted  from  the  fin  tip,  through  the  epoxy  layer  and  the  cover  plate,  and  finally  eonveeted  away 
by  the  fluid  To  be  conservative,  this  heat  flow  is  ignored. 

Assumption  8:  The  thin  epoxy  film  on  the  sides  of  the  fin  tips  has  a  negligible 
effect  on  the  overall  heat  transfer. 

Epoxy  is  used  in  this  study  to  attach  the  eover  plate  to  the  heat  sink  (see  Figure  3-7).  A 
good  seal  is  obtained  beeause  the  epoxy  “wets”  the  indium  phosphide  thereby  forming  the 
rounded  appearance  at  the  bottom  of  the  channel.  The  epoxy  film  on  the  sides  of  the  fins  will 
reduce  the  heat  transfer  from  the  fin  tip.  Since  a  controlled  amount  of  epoxy  is  used  (typically 
tCp0X  <  1.0  ^m,  see  Section  5),  the  thermal  resistance  of  the  epoxy  film  near  the  fin  tip  is  ignored 
because  it  is  nearly  an  order  of  magnitude  smaller  than  the  convective  thermal  resistance  whieh  is 
proportional  to  1  h.  The  effect  of  this  thin  epoxy  layer  on  the  heat  transfer  is  also  ignored 
because  some  heat  will  be  conducted  through  the  fin  tip  (Assumption  7).  This  assumption  (No.  8) 
would  not  be  needed  if  other  methods  of  cover  plate  attachment  were  used  such  that  no  foreign 
substanee  eoats  the  fin  sides  (e.g.,  anodic  bonding). 
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Figure  3-7.  Heat  flow  paths  in  the  region  of  the  fin  tip. 


Assumption  9:  Heat  transfer  due  to  radiation  and  superimposed  natural  convection 
is  small  and  can  be  ignored. 

The  effect  of  superimposed  natural  convection  was  discussed  in  Section  2.5,  where  it  was 
found  to  be  negligible  for  the  channel  sizes  commonly  used  in  microchannel  heat  sinks. 

The  effect  of  radiation  heat  transfer  is  also  small.  For  example,  if  the  fin  surface  tempera¬ 
ture  is  100°C  (definitely  a  worst-case  assumption  for  this  study),  and  if  the  fins  (e  ~  1.0) 
increased  the  surface  area  by  a  factor  of  10,  then  the  heat  transferred  by  radiation  can  be  no 
more  than  1.1  W/cm2  per  unit  chip  circuit  area.  This  is  a  small  portion  of  the  overall  heat  dissi¬ 
pation  which  can  be  much  larger  than  100  W/cm2  per  unit  chip  circuit  area. 

Assumption  10:  The  fin  base  temperature  is  uniform. 

The  coolant  temperature  will  increase  with  distance  from  the  channel  entrance.  This  will 
cause  the  fin  base  temperature  to  increase  in  the  downstream  direction.  If  the  coolant  fow  rate  is 
small,  the  temperature  nonuniformity  will  be  large.  Conversely,  if  the  flow  rate  is  large,  the  bulk 
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temperature  rise  of  the  coolant  will  be  smaller,  which  will  result  in  a  more  uniform  fin  base 
temperature.  The  effect  of  the  coolant  temperature  gradient  is  to  cause  conduction  of  heat  from 
the  downstream  end  of  the  chip  (hot  end)  to  the  upstream  end  of  the  chip  (cold  end).  Axial  heat 
conduction  in  the  coolant  has  already  been  discussed  in  Section  2.3,  where  it  was  found  to  be 
small  enough  to  ignore.  Axial  heat  conduction  in  the  fin  material  can  be  significant,  but  will  be 
ignored  in  order  to  be  conservative.  It  is  conservative  to  ignore  it  because  the  thermal  resistance 
(see  Section  4)  computed  at  the  downstream  end  of  the  heat  source  will  be  larger  than  that  com¬ 
puted  if  axial  conduction  is  considered.  Note  that  the  effect  of  lateral  heat  spreading  at  the 
periphery  of  the  heat  source  will  be  discussed  in  Section  3.4. 

Assumption  11:  The  temperature  of  the  primary  surface  (channel  base) 
and  the  fin  base  are  the  same. 

The  temperature  of  the  fin  base  will  be  lower  than  the  temperature  of  the  channel  base 
because  of  the  higher  rate  ol  heat  transfer  through  the  fin  base  compared  to  that  from  the  chan¬ 
nel  base.  Shah  in  Rohsenow,  Hartnett,  and  Ganic'  (1985a)  provides  an  overview  of  this  effect 
where  it  is  found  that  the  fin  base  temperature  depression  results  in  lower  heat  transfer  from  the 
channel  base.  It  is  also  found  that  the  total  heat  transfer  rate  from  straight  fins  computed  using  a 
two-dimensional  analysis  is  always  higher  than  that  computed  using  one-dimensional  analysis. 
Therefore,  ignoring  the  fin  base  temperature  depression  will  result  in  a  conservative  prediction  of 
the  heat  transfer  rate. 

Assumption  12:  The  temperature  of  the  coolant  surrounding  the  fin  is  uniform 
at  a  given  axial  distance  from  the  channel  entrance. 

This  assumption  implies  that  the  properties  of  the  coolant  are  also  constant,  and  that  they 
should  be  evaluated  at  some  average  or  bulk  temperature  of  the  coolant.  It  is  known  that  the 
temperature  of  the  coolant  in  the  base  region  of  the  fin  will  be  greater  than  the  coolant  tempera¬ 
ture  in  the  tip  region.  This  results  in  a  somewhat  lower  heat-transfer  rate  at  the  base  of  the  fin 
than  would  normally  be  expected.  In  reality,  some  thermal  mixing  of  the  coolant  does  occur,  but 
this  mixing  is  not  complete.  Coolant  temperature  nonuniformity  should  not  be  a  problem  for 
turbulent  flow  in  moderate-aspect-ratio  channels  due  to  turbulent  mixing.  To  simplify  the  analysis 
of  the  heat-transfer  coefficient,  it  is  necessary  to  assume  that  there  is  complete  thermal  mixing  of 
the  coolant  (discussed  with  the  following  assumption). 

Assumption  13:  The  heat-transfer  coefficient  is  uniform  over  the  surface  of  the  fin 
at  a  given  axial  distance  from  the  channel  entrance. 

The  local  heat-transfer  coefficient  varies  along  the  fin  height  and  is  defined  at  every  axial 
distance  (x)  downstream  from  the  channel  entrance  by 

q"  =  h(z)  [Tw(z)  -  Tf(z)]  (3.8) 

where  q"  is  the  rate  of  heat  transfer  per  unit  area,  h(z)  is  the  local  heat-transfer  coefficient,  Tw(z) 
is  the  local  fin  temperature,  and  Tf(z)  is  the  local  coolant  temperature.  It  is  very  difficult  to 
determine  Tf(z)  without  the  aid  of  a  two-dimensional  flow  field  analysis.  Therefore,  an  alternate 
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definition  of  the  heat-transfer  coefficient  is  often  used  which  is 

q"=h(z)  [Tw(z)-Tb]  (3.9) 

where  Tb  is  the  bulk  temperature  of  the  coolant  at  the  distance  of  interest  downstream  from  the 
channel  entrance.  It  should  be  noted  that  the  value  of  the  local  heat-transfer  coefficient  h(z) 
determined  by  Equations  (3.8)  and  (3.9)  will  be  different.  Equation  (3.9)  is  used  more  often, 
because  Tb  is  more  easily  determined  than  Tf(z). 

Several  researchers  have  modeled  fin  heat  transfer  using  Equations  (3.8)  and  (3.9).  The  most 
notable  ones  that  this  author  is  aware  of  are:  Han  (1959),  Sparrow,  Baliga,  and  Patankar  (1978), 
and  Kadle  and  Sparrow  (1986). 

Han  (1959)  analyzed  the  flow  in  moderate-aspect-ratio  rectangular  channels  that  were  heated 
as  shown  in  Figure  3-8.  Heat  is  conducted  through  the  fins,  thereby  forming  a  nonuniform 
temperature  profile  around  the  channel.  Han  defines  a  corrected  Nusselt  number  using 

Nu  =  Nu(kw  =  oo)  Fc(K,a)  (3.10) 
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Figure  3-8,  Flow  channel  configuration  used  by  Flan  (1959). 
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where  Fc  is  a  dimensionless  correction  factor  which  is  a  function  of  the  fin  parameter 
K  =  wwkw/2bkf,  and  the  channel  aspect  ratio  a.  The  Nusselt  number  for  the  case  of  infinite  fin 
thermal  conductivity,  Nu(k^  =  °c),  has  already  been  discussed  in  Section  2.  Han’s  results  for  the 
correction  factor  are  plotted  in  Figure  3-9.  The  curves  clearly  show  that  there  is  only  a  small 
reduction  in  the  Nusselt  number  if  the  fin  parameter  K  is  large.  In  this  study,  K  is  large.  For 
example,  water  (k{  ~  0.6  W/m°C)  flowing  through  indium  phosphide  (kw  ^70  W/m°C)  with  a 
channel  height  of  order  200  jum  and  a  fin  thickness  of  order  50  fim  results  in  K  ^14.5.  There¬ 
fore,  the  variation  of  the  average  Nusselt  number  should  be  small  (at  least  for  moderate-aspect- 
ratio  channels). 


Figure  3-9.  Correction  factor  for  finite  fm  conductivity.  [Taken  from  Han  (1978).] 


A  channel  geometry  very  similar  to  the  one  used  for  this  study  was  analyzed  for  laminar 
flow’  by  Sparrow,  Baliga,  and  Patankar  (1978),  and  for  turbulent  flow  by  Kadle  and  Sparrow 
(1986).  The  channel  configuration  is  shown  in  Figure  3-10. 

The  results  indicate  that  the  Nusselt  number  is  relatively  uniform  in  the  central  region  of  the 
fin,  and  then  drops  off  very  rapidly  near  the  fin  base  and  the  fin  tip.  The  Nusselt  number  at  the 
fin  base  was  nearly  zero  due  to  the  two-dimensional  heat  transfer  and  the  warmer  coolant 
temperatures  in  that  region.  At  the  fin  tip,  the  Nusselt  number  was  about  half  the  value  of  the 
central  region.  The  Nusselt  number  along  the  base  of  the  channel  varied  from  a  maximum  at  the 
center  of  the  channel  to  nearly  zero  near  the  base  of  the  fin  The  maximum  channel-base  Nusselt 
number  was  about  half  to  three  quarters  the  value  in  the  central  region  of  the  fin.  Kadle  and 
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Figure  3~10.  Flow  channel  configuration  used  by  Sparrow,  Baliga,  and  Patankar  (1978), 
and  Kadle  and  Sparrow  (1986). 


Sparrow  (1986)  compared  their  numerical  values  for  the  average  Nusselt  number  with  their  exper¬ 
imental  data.  They  found  excellent  agreement  between  the  experimental  data,  their  complicated 
numerical  model,  and  the  traditional  fin  analysis. 

A  simplified  fin  conduction  model,  which  is  based  on  the  thirteen  assumptions  discussed 
above,  should  provide  a  reasonable  estimate  of  the  fin  thermal  response.  Gardner  (1945)  discusses 
the  results  of  several  other  researchers  who  arrive  at  a  similar  conclusion.  Note  that  Shah  in 
Rohsenow,  Harnett,  and  Ganic’  (1985a)  finds  that  the  violation  of  Assumptions  11  through  13 
will  reduce  the  actual  fin  efficiency  from  calculated  values  if  rjf  <  80  percent. 

The  remainder  of  this  section  is  devoted  to  solving  the  fin  conduction  equation.  The  differen¬ 
tial  equation  modeling  the  one-dimensional  heat  conduction  through  the  fin  shown  in  Figure  3-11 
is 


d20 

dz2 


m20  =  0 


(3.11) 


where  6  -  [T(z)  -  Tb]  and  m2  =  2h/kwww.  The  distance  measured  from  the  fin  tip  is  z,  the  fin 
temperature  at  z  is  T(z),  the  coolant  bulk  temperature  is  Th,  the  average  heat-transfer  coefficient 
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Figure  3-1 1 .  One-dimensional  fin  model. 


is  h,  the  average  fin  thermal  conductivity  is  kw,  and  the  fin  thickness  is  ww.  The  boundary  condi¬ 
tions  for  Eiquation  (3. 1  1)  are:  6  -  =  T(z  =  b)  Tj,  at  z  =  b,  and  d0/dz  =  0  at  7.  =  0.  The  solution 

for  the  fin  temperature  profile  is  easily  obtained  as 

0  _  cosh  (mz)  3 

db  cosh  (mb) 

Using  q£  =  kwd$  dz,  the  heat  flow  per  unit  area  at  the  fin  base  is  found  to  be 


(3.13) 


q£  =  kvsmfl(,  tanh(mb)  =  Pf(2<5)  h0^ 


where  the  aspect  ratio  of  the  fin  is  5  =  b/ww,  and  the  fin  efficiency  is  77 f  =  [tanh  (mb)]/mb. 

Kern  and  Kraus  (1972)  have  computed  the  optimum  lengths  of  ww  and  b  for  the  ease  of  a 
fin  with  a  fixed  profile  area  Ap  =  wwb  (see  Appendix  C).  The  optimum  fin  thickness  is 


(3.14) 


and  the  corresponding  optimum  fin  length  is 


(3.15) 


b  =  1.262 


Equations  (3.14)  and  (3.15)  can  be  used  to  obtain  an  optimum  aspeet  ratio  8  -  b,/ww  (see  Appen¬ 
dix  C).  The  result  is 


(3.16) 


where  wc  is  the  channel  width.  Equation  (3.16)  is  particularly  useful  in  the  analysis  of  large- 
aspect-ratio  channels  (see  Section  4.3.2).  It  does  not  consider  the  heat  transfer  from  base  surface 
of  the  coolant  channel. 
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Figure  3-12.  Fin  model  for  thermal  spreading  at  the  heater  perimeter. 
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3.4  THERMAL  SPREADING  AT  THE  HEAT  SOURCE  PERIMETER 


In  the  model  of  the  heat  transfer  through  the  fins  in  the  /-direction  (through  the  thickness  of 
the  chip),  it  was  assumed  that  the  fin  base  temperature  was  uniform  (Assumption  10).  This 
assumption  implies  that  there  is  an  abrupt  drop  in  temperature  at  the  periphery  of  the  heat 
source  where  the  heat  flux  suddenly  changes  to  zero.  This  situation  is  not  in  agreement  with  real¬ 
ity  since  lateral  heat  conduction  at  the  heater  perimeter  will  provide  for  a  gradual  transition  in 
temperature. 

The  fin  show’n  in  Figure  3-12  will  be  used  to  model  thermal  spreading  at  the  heat  source 
perimeter.  The  thirteen  assumptions  used  in  Section  3.3  will  also  be  used  here.  In  addition,  if  the 
coolant  flow  rate  is  large,  then  it  can  be  assumed  that  the  bulk  temperature  rise  of  the  coolant  is 
small.  Therefore,  the  coolant  temperature  is  assumed  uniform  everywhere.  For  simplicity,  it  is 
also  assumed  that  the  heat-transfer  coefficient  is  uniform  over  the  entire  length  of  the  channel 
(ignores  developing  flow).  Since  the  fluids  used  in  this  study  have  thermal  conductivities  that  are 
much  smaller  than  those  of  the  chip  materials,  the  effects  of  conduction  within  the  liquid  coolant 
will  be  ignored.  Finally,  it  is  also  assumed  that  the  thermal-spreading  effect  can  be  evaluated  by 
superimposing  two,  one-dimensional  models  one  in  the  streamwise  (flow)  direction,  and  the 
other  in  the  transverse  direction.  This  assumption  is  valid  near  the  centers  of  the  sides  of  a  large 
rectangular  heat  source,  but  breaks  down  near  the  corners  of  the  heat  source  where  the  heat  flow 
is  two-dimensional. 

The  differential  equation  modeling  the  thermal  spreading  for  the  heated  region  is 
7  q" 

-  m2#,  +  — - - =0  (3.17) 

dxl  MW 

and  for  the  unheated  region  is 
d  2ff-> 

— j—  m2fl->  +  0  =  0  (3.18) 

dx  2 

where  m2  =  hP  kwHcffW,  0  -  T^(x)  Tb,  q"  is  the  surface  heat  flux  per  flux  per  unit  circuit  area, 
kw  is  the  fin  thermal  conductivity,  h  is  the  heat-transfer  coefficient,  P  is  the  length  of  the  convec¬ 
tive  heat-transfer  perimeter,  W  is  the  fin  width  over  which  P  is  determined,  and  He is  the  effec¬ 
tive  fin  thickness. 

In  the  streamwise  direction  (x-direction),  the  effective  fin  thickness  is  assumed  to  be 
Hcjj  «  [wct  +  ww(b+  t)]/(ww+  wc)  and  the  convective  heat-transfer  perimeter  is  P  wc  +  2b 
(note  that  W  ~  wu  +  wc),  where  t  is  the  substrate  thickness,  wc  is  the  channel  width,  and  ww  is 
the  extended  surface  thickness  (of  the  fins  that  define  the  coolant  channels).  For  the  transverse 
direction  (y-direction),  the  effective  fin  thickness  is  the  same  or  perhaps  as  small  as  Heff  **  t.  The 
convective  heat-transfer  perimeter  for  the  transverse  direction  is  P  **  x(2b  +  wc)/(ww  +  wc),  and 
W  =  x. 
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Figure  3-13.  Example  of  chip  thermal  spreading. 
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If  the  heater  is  large  enough,  the  temperature  gradients  at  the  center  of  the  heater  are 
approximately  zero.  At  the  sides  of  the  heat  sinks  the  gradients  are  also  zero.  Consequently,  the 
boundary  conditions  for  Equations  (3. 17)  and  (3.18)  are:  at  x j  =  Lj,  d0j/dx  =  0,  at  x2  z  L 2 < 
d02/dx2  =  0,  and  at  x,  =  x2  =  0,  0,  =  02  and  (d<9, /dx,)  =  d02/dx2.  If  it  is  assumed  that  the  thermal 
spreading  deeay  length  Ld  =  1/m  is  small  compared  to  Lj  ^  00  and  L2  ~  °°,  then  the  solutions  to 
Equations  (3.17)  and  (3.18)  are 

0,=  [2  e*(X|  'd>]  (3.19) 

1  2hP  1  J 

and 

°2=  [e‘(X2  ld)]  (3.20) 

2hP 

where  Ld  =  (kNKHeffW  hP)0  5  =  (DcKwHe^W  NukfP)0-5,  and  the  positive  directions  of  Xj  and  x2 
are  as  delined  in  Figure  3-12. 

A  typical  plot  of  the  dimensionless  temperature  profiles  obtained  from  Equations  (3.19)  and 
(3.20)  is  shown  in  Figure  3-13  for  a  water-eooled  indium  phosphide  heat  sink.  I  he  results  clearly 
show  that  thermal  spreading  can  cause  a  significant  temperature  nonuniformity  at  the  heater 
periphery. 

Section  4.6  presents  a  novel  method  which  can  be  used  to  minimize  the  effect  of  thermal 
spreading  at  the  periphery  of  integrated  circuits. 

3.5  SECTION  SUMMARY 

To  conclude  this  section,  some  of  the  main  points  will  be  summarized. 

The  physics  of  the  conduction  process  were  reviewed,  and  it  was  found  that  the  use  of  the 
eontinuum  theory  of  conduction  should  be  adequate  to  model  the  microehannel  heat  sinks  used 
in  this  study. 

Heat  transfer  through  a  continuous  slab  can  be  modeled  using  Equation  (3.2).  Conduction  of 
heat  from  discrete  heat  sources  can  be  modeled  using  Equations  (3.3)  through  (3.6). 

Thirteen  assumptions  were  listed  for  the  fin  heat-transfer  analysis.  The  combined  effeet  of 
these  assumptions  was  to  provide  conservative  heat-transfer  estimates.  The  heat-transfer  rate 
through  the  fin  base  was  modeled  using  Equation  (3.13). 

Thermal  spreading  at  the  periphery  of  a  heat  souree  was  modeled  using  simplified  one¬ 
dimensional  models  [Equations  (3.19)  and  (3.20)].  It  was  found  that  thermal  spreading  ean  cause 
significant  temperature  nonumformity. 
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4.0  MICROCHANNEL  HEAT-SINK  DESIGN 


The  purpose  of  this  seetion  is  to  present  the  analytical  models  used  to  prediet  the  thermal 
and  hydraulie  performance  of  foreed-conveetion,  liquid-eooled  mieroehannel  heat  sinks.  The  eon- 
eept  of  thermal  resistance  will  be  defined  first,  and  the  various  components  that  make  up  the 
total  thermal  resistance  will  be  defined.  Thermal  resistance  models  will  be  constructed  for  large-, 
moderate-,  and  small-aspeet-ratio  duets.  A  simplified  solution,  used  by  the  Stanford  researehers, 
of  the  large-aspeet-ratio  duet  model  will  be  presented  for  the  design  constraint  of  specified  eool- 
ant  pressure  drop.  A  more  eomplieated  solution  procedure  for  the  thermal  resistance  models  is 
then  presented  for  the  design  constraints  of  specified  eoolant  pressure  drop,  specified  eoolant 
volumetrie  flow  rate,  and  specified  pumping  power.  The  diseussion  then  turns  to  an  overview  of 
a  new  computer  program  used  in  this  study  to  prediet  the  thermal  performance.  The  program’s 
capabilities  will  be  reviewed,  and  sample  numerical  results  will  be  presented  and  discussed.  The 
use  of  “compensation  heaters”  and  “interrupted  fins”  to  improve  the  thermal  performance  will 
then  be  diseussed.  The  seetion  concludes  with  a  brief  review  of  the  main  points  that  were  eovered 
in  this  seetion. 


4.1  COMPONENTS  OF  THERMAL  RESISTANCE 


The  thermal  performance  of  mieroeleetronies  is  often  specified  in  terms  of  the  thermal  resist¬ 
ance  of  the  deviee.  The  total  thermal  resistance  Rlot  is  given  by  Rlot  =  AT/Q,  where  AT  is  the 
peak  temperature  rise  above  an  ambient  reference  temperature,  and  Q  is  the  total  heating  rate.  In 
this  study,  a  modified  thermal  resistance  Rt"ot  is  used.  It  is  given  by 


Riot  “  ^lot^cross 


AT 


'cross 


AT 

q" 


(4.1) 


where  Across  is  the  surfaee  area  over  whieh  the  heat  input  Q  occurs,  and  q"  is  the  heating  rate 
per  unit  surfaee  area  whieh  is  assumed  to  be  uniform  over  Across.  Using  the  modified  thermal 
resistance  makes  it  possible  to  formulate  the  thermal  analysis  based  on  a  single  ehannel  and  an 
adjaeent  fin.  This  is  allowed  sinee  neighboring  channels  and  fins  are  symmetrical  in  thermal 
response  (assumes  that  the  heat  souree  is  large  enough).  Therefore,  Rt"ot  will  be  based  on 
^cross  “  L(ww  +  wc)- 

The  total  thermal  resistance  ean  be  thought  of  as  being  made  up  of  several  components.  The 
arrangement  of  these  thermal  resistances  is  similar  to  an  electrieal  network  of  resistors  in  scries 
and/or  parallel.  The  network  will  be  slightly  different  for  each  elass  of  duct  aspect  ratio  (large, 
moderate,  and  small).  Six  types  of  thermal  resistance  have  been  identified  for  this  study.  Each 
one  will  be  diseussed  next. 


The  first  thermal  resistance  is  RSpread’  which  is  the  “constriction  resistance”  due  to  thermal 
spreading  from  each  discrete  heat  source  (e.g.,  integrated  eircuit  feature  or  gate)  on  the  surfaee  of 
the  ehip.  This  so-ealled  spreading  thermal  resistance  has  been  said  to  be  the  limiting  indicator  of 
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transistor  speed  improvement.  This  is  because  the  speed  of  some  types  of  transistors  (e.g.,  bipolar 
devices)  goes  up  as  the  supplied  power  goes  up  (which  is  mostly  dissipated  as  heat).  Therefore, 
the  transistor  speed  can  be  increased  only  so  much  because  the  high  heating  rate  will  eventually 
drive  the  device  temperature  too  high. 

The  thermal-spreading  resistance  will  be  a  function  of  the  size  and  shape  of  the  heat  source. 
Equation  (3.4)  can  be  used  to  model  thermal  spreading  from  a  circular  heat  source  w'ith 
^spread  =  A Tc/ q  =  1/(2  kwav 7r),  where  a  is  the  radius  of  the  heat  source.  Equation  (3.6)  could  be 
used  to  determine  RsprCdd  for  rectangular  shapes.  If  the  heat  source  is  square,  Joy  and  Schlig 
(1970)  recommend  using 


D 

^spread 


4  kwa 


(4.2) 


where  k^  is  the  thermal  conductivity  of  the  material  evaluated  at  the  device  temperature,  and  a  is 
the  characteristic  length. 


Currently,  thermal  spreading  accounts  for  on  the  order  of  10°C  of  the  total  temperature  rise 
of  about  100°C  in  typical  silicon  chips.  To  get  an  idea  of  how;  significant  the  thermal-spreading 
resistance  might  be  in  the  future,  consider  the  requirements  for  artificial  intelligence  predicted  in 
Section  1.2.  There,  it  was  mentioned  that  I09  transistors  per  chip  would  be  required,  and  that  the 
heat  dissipation  per  transistor  would  hopefully  be  of  order  10"5  W  or  less.  The  characteristic  fea¬ 
ture  sizes  should  be  at  least  0.1  /im  and  perhaps  as  small  as  0.025  /im.  The  temperature  rise  due 
to  thermal  spreading  in  silicon  (kw  »  100  W/m°C  at  400°C)  should  therefore  be  in  the  neighbor¬ 
hood  of  0.1  to  1.0°C.  This  is  a  highly  idealized  prediction  of  the  future,  but  the  trend  is  reason¬ 
ably  clear  that  the  temperature  rise  due  to  thermal  spreading  should  decrease  as  the  level  of  cir¬ 
cuit  integration  increases.  The  peak  temperature  rise  of  the  chip  above  ambient  will  probably  not 
decrease  quite  as  rapidly.  Therefore,  the  effect  of  thermal  spreading  will  not  be  included  in  the 
thermal  resistance  models.? 


The  second  type  of  thermal  resistance  is  R''^,  which  is  due  to  the  conduction  of  heat 
through  the  solid  material  between  the  heating  surface  (e.g.,  integrated  circuit)  and  the  fin  base 
and  channel  base  plane.  From  Equation  (3.2),  the  modified  thermal  resistance  is  given  by 


r: 


solid 


(4.3) 


where  kw  is  the  wall  thermal  conductivity  evaluated  at  the  average  substrate  temperature,  and  t  is 
the  substrate  thickness  (see  Figure  1-4).  Note  that  if  there  is  a  thermal  interface  (discussed  next), 


f  The  decision  to  ignore  the  gate  thermal-spreading  resistance  is  also  based  on  the  fact  that  it 
varies  with  the  transistor  technology.  The  reader  can  easily  include  the  thermal-spreading  resist¬ 
ance  by  modifying  the  computer  program  used  in  this  study  to  predict  the  thermal  performance. 
Note  that  the  spreading  modified  thermal  resistance  should  be  added  to  the  total  thermal  resist¬ 
ance  (it  is  a  “series'1  resistance). 
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then  R"0i,d  will  be  the  sum  of  the  contributions  between  the  heating  surface  and  the  interface 
(material  1),  and  between  the  interface  and  the  fin  base  and  channel  base  plane  (material  2). 


The  third  type  of  thermal  resistance  is  R-'nt,  which  is  due  to  the  thermal  interface  (if  any) 
between  the  microchanncl  heat  sink  and  the  heat  source  (e.g.,  an  integrated  circuit  chip).  If  there 
is  an  interface,  then  the  microchannel  heat  sink  may  be  considered  a  “cold  plate/’  Attachment  of 
the  heat  source  can  be  done  using  various  types  of  bonding  (solder,  epoxy,  etc.),  thermal  grease, 
gas  layers,  etc.  A  newly  proposed  interfacing  method,  called  a  “microcapillary  thermal  interface," 
is  discussed  in  Appendix  D.  The  thermal  resistance  models  presented  in  Section  4.2  assume  that 
the  microchannel  heat  sink  is  manufactured  directly  into  the  substrate  of  the  heat  source,  and 
therefore  do  not  include  Rj'nt.+ 

The  fourth  type  of  thermal  resistance  is  R"ont,  wind1  is  due  to  the  “constriction  effect"  at  the 
base  of  the  fin  (if  there  is  a  fin).  If  fins  are  used,  it  is  intended  that  they  transfer  more  heat  than 
if  the  fin  base  surface  area  were  exposed  directly  to  the  fluid.  This  necessitates  that  the  heat  flow 
be  “funneled"  into  the  base  of  the  fin.  For  this  study,  the  fins  act  as  a  long-strip  heat  sink  for 
which  the  constriction  thermal  resistance  may  be  obtained  from  Equation  (3.5).  Substituting 
a  =  ww/2,  b  =  (ww  +  wc)/2,  and  q  =  q"Across  =  q"  [L(ww  +  wc)]  into  Equation  (3.5)  gives 


R 


coni 


(Ww  +  Wc) 
7Tkw 


In 


1  -| 

.  sin  {ttww/[2(ww  +  wc)]}  . 


(4.4) 


where  ku  is  the  material  thermal  conductivity  which  is  evaluated  at  the  average  substrate  temper¬ 
ature.  Equation  (4.4)  is  based  on  q"  and  Across,  and  therefore  applies  for  large-aspcct-ratio  chan¬ 
nels.  For  moderate-aspect-ratio  channels,  some  heat  is  convected  from  the  channel  base  thereby 
making  the  constriction  thermal  resistance  somewhat  smaller.  Compared  to  the  overall  thermal 
resistance,  this  reduction  is  small  and  therefore  will  be  ignored  for  simplicity  and  conservatism. 
The  contraction  thermal  resistance  is  zero  for  small-aspect-ratio  channels  because  the  fins  arc 
used  for  structural  purposes  and  are  assumed  to  transfer  no  heat.  The  fin  thickness  is  assumed  to 
be  much  smaller  than  the  channel  width,  and  therefore  there  is  also  no  constriction  thermal 
resistance  for  the  heat  flow  into  the  channel  base. 


The  fifth  type  of  thermal  resistance  is  R"onv,  which  is  due  to  the  convection  of  heat  from  the 
channel  base  and/or  the  fin.  If  there  is  a  fin,  R"onv  a*so  includes  the  thermal  resistance  of  heat 
conduction  in  the  fin.  Note  that  the  fin  and  channel  base  are  connected  in  “parallel."  Therefore 
Equations  (2.10)  and  (3.13)  can  be  used  to  obtain  the  convective  thermal  resistance  which  is  given 
by 


p  "  -  p 

^conv  ^conv 


[L(wc  +  wc)]  = 


[L(ww  +  wc)] 


hA[,c  +  kwmA|,|  tanh(mb) 


(4.5) 


t  The  reader  can  easily  include  the  interface  thermal  resistance  by  modifying  the  computer  pro¬ 
gram  used  in  this  study  to  predict  the  thermal  performance.  Note  that  the  interface  modified 
thermal  resistance  should  be  added  to  the  total  thermal  resistance  (it  is  a  “series”  resistance). 
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where  m  =  (2h/kwww)0*5,  Abc  is  the  area  of  the  channel  base  (Lwc),  and  Abf  is  the  area  of  the  fin 
base  (Lww).  Using  the  definition  of  the  fin  efficiency,  77  f  =  [tanh(mb)]/mb,  and  doing  some  rear¬ 
ranging  gives 


(ww  +  wc) 
hwc  +  2hb?7f 


(4.6) 


which  represents  the  convective  thermal  resistance  between  the  fin  base  and  channel  base  plane 
and  the  local  coolant,  for  moderate-aspect-ratio  channels.  Equation  (4.6),  of  course,  assumes  that 
the  temperatures  of  the  fin  base  and  the  channel  base  are  equal  (Assumption  11  —  see  Sec¬ 
tion  3.3).  Note  that  for  large-aspect-ratio  ducts,  hwc  —  0,  and  for  small-aspect-ratio  ducts 
2hbr?f~0. 


Remember  that  the  overall  thermal  resistance  is  based  on  the  difference  between  the  peak 
chip  surface  temperature  and  the  inlet  coolant  temperature.  Thus,  an  effective  thermal  resistance 
can  be  defined  which  is  to  be  added  to  the  local  thermal  resistance  at  a  given  distance  from  the 
channel  entrance.  Therefore,  the  sixth  type  of  thermal  resistance  is  Rbujk,  which  is  due  to  the 
bulk  temperature  rise  of  the  coolant  from  the  channel  entrance  caused  by  absorption  of  heat 
from  the  microchannel  heat  sink.  The  bulk  thermal  resistance  is  given  by 


Rbulk  Rbulk  [L(W\v  +  wc)] 


[L(ww  +  wc)] 
Pf  CpfV 


L(ww  +  wc) 


Pr  Cpf  bwc  Vc 


(4.7) 


where  V  is  the  volumetric  flow  rate  of  the  coolant  per  channel,  and  Vc  is  the  velocity  of  the  cool¬ 
ant  in  the  channel. 


There  is  one  phenomenon  that  cannot  be  put  into  the  form  of  a  thermal  resistance  since  it  is 
independent  of  the  heating  rate.  This  is  the  temperature  rise  of  the  coolant  due  to  viscous  heat¬ 
ing.  The  coolant  temperature  rises  due  to  the  conversion  of  mechanical  energy  (fluid  pressure) 
into  thermal  energy  (fluid  temperature  rise).  The  temperature  rise  is  given  by  Equation  (2.23)  as 
ATpump  =  AP/pf  Cpf  J,  where  AP  is  the  coolant  pressure  drop  (between  the  inlet  plenum  and  the 
channel  exit  see  Figure  2-9),  and  J  is  the  mechanical  equivalent  of  heat. 

To  summarize,  the  total  modified  thermal  resistance  is  given  by  the  sum  of  six  thermal 
resistance  terms  as 


Rtot  -  R  spread  +  Rsolid  +  R!nt  +  Rcont  +  Rconv  +  Rbulk  (4-8) 

R spread  *s  ignored  since  it  should  become  small  as  the  level  of  circuit  integration  increases,  and 
because  it  is  highly  dependent  on  the  transistor  technology.  RJ'nt  is  in  general  not  required  for 
integrated  circuits  and  is  also  ignored.  Therefore,  the  thermal  resistance  models  presented  in  the 
next  section  will  consider  the  total  thermal  resistance  as  being  given  by 

Rtot  z  Rsolid  +  Rcont  +  Rconv  +  Rhulk  (4-9) 

Since  viscous  heating  cannot  be  accounted  for  using  a  thermal  resistance,  the  total  tempera¬ 
ture  rise  at  the  channel  exit  is  given  by 


^^tot  Rtot  4  +  ^  I  pump 


(4.10) 


86 


where  it  is  implied  that  Rj'ot  and  ATpUrnp  are  independent  of  q".  To  be  accurate,  the  properties 
must  be  evaluated  at  proper  average  temperatures. 

At  this  point,  it  is  wise  to  pause  for  a  moment  and  consider  if  the  thermal  performance  of 
microchannel  heat  sinks  can  be  formulated  in  terms  of  Equation  (4.10).  To  facilitate  comparison 
between  heat-sink  designs,  it  is  necessary  to  have  a  common  ambient  reference  temperature  (the 
inlet  coolant  temperature  in  this  study).  But  this  is  not  enough.  It  is  obvious  that  different  heat¬ 
ing  rates  will  result  in  different  average  properties  of  the  liquid  coolant  and  the  heat  sink  mate¬ 
rial  as  well.  Therefore,  the  total  thermal  resistance  of  the  same  heat  sink  w'ith  the  same  inlet 
coolant  temperature  will  be  different  for  difterent  heating  rates  especially  if  a  comparison  is 
attempted  between  very  small  and  very  large  heating  rates.  Therefore,  when  comparing  various 
heat-sink  designs,  the  heating  rate  must  also  be  prescribed. 

Figure  4-1  shows  how  the  chip  temperature  varies  in  the  streamwise  direction.  If  thermal 
spreading  at  the  heater  perimeter  is  ignored,  then  the  coolant  temperature  rise  ATbu||.  will 
increase  linearly  from  the  channel  inlet  to  the  exit.  The  temperature  difference  between  the  local 
coolant  temperature  and  the  chip  surface  temperature  will  also  increase  with  distance  from  the 
channel  entrance  due  to  the  reduction  in  the  Nusselt  number  with  distance  from  the  channel 
entrance.  All  of  these  effects  result  in  the  peak  surface  temperature  being  located  at  the  channel 
exit. 


If  thermal  spreading  at  the  heater  perimeter  is  included  (which  is  different  from  the  gate 
thermal  spreading  resistance  Reread)'  t^ien  coolant  temperature  will  look  like  the  dotted 
curve,  and  the  surface  temperature  will  look  like  the  dashed  curve.  The  peak  surface  temperature 
does  not  occur  at  the  heater  perimeter  when  thermal  spreading  is  considered.  The  thermal  resist¬ 
ance  models  presented  below  do  not  account  for  thermal  spreading  at  the  heater  perimeter.  The 
effect  of  this  thermal  spreading  is  handled  separately  and  will  be  discussed  in  Section  4.6. 

4.2  THERMAL  RESISTANCE  MODELS 

In  this  study,  three  types  of  channel  aspect  ratios  (a  =  b/wc)  are  analyzed.  They  are  large 
(a  >  10),  moderate  (0.1  <a  <  10),  and  small  (a  <0. 1).  The  thermal  resistance  model  will  be 
presented  next  for  each  type  of  channel  aspect  ratio.  Following  this  there  is  a  discussion  of  where 
the  thermal  resistance  should  be  evaluated  to  obtain  the  worst-case  prediction  of  thermal  perfor¬ 
mance.  This  section  ends  with  a  review  of  “knowns”  and  “unknowns”  of  the  thermal  resistance 
models. 

Large-aspect-ratio  channels  have  large  fin  heights.  The  surface  area  for  convective  heat 
transfer  of  the  channel  base  is  small  compared  to  the  surface  area  of  the  fins.  Therefore,  the  con¬ 
tribution  of  the  channel  base  to  the  overall  heat  transfer  is  small  and  can  be  ignored  even  though 
the  channel  base  surface  temperature  is  on  average  higher  than  the  fin  temperature.  Substituting 
Equations  (4.3),  (4.4),  (4.6),  and  (4.7)  into  Equation  (4.9),  and  ignoring  the  contribution  of  the 
channel  base  (hwc  0)  in  R"onv>  g*ves  the  following  model  for  the  total  thermal  resistance 
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Figure  4~L  Temperature  trends  in  the  streamwise  direction 


R 


totjarge 


t  (Ww  +  Wc) 

- —  + -  In 


(ww  +  wc) 


sin  {7rww/[2(ww  +  wc)]}  . 
L(ww  +  wc) 


2hb  PfCpjbwcVc 

where  Ru)ijarge  is  the  total  modified  thermal  resistance  for  large-aspect-ratio  channels. 


(4.11) 


Moderate-aspect-ratio  channels  have  shorter  fin  heights  such  that  the  heat  transfer  from  the 
channel  base  is  also  significant.  The  total  thermal  resistance  is  obtained  by  direct  substitution  of 
Equations  (4.3),  (4.4),  (4.6),  and  (4.7)  into  Equation  (4.9),  and  is  given  by 
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79929  45 


R 


tot. moderate 


(ww  Wc) 

TT  k.. 


In 


b 


sin  {ttww/[2(wu,  +  wc)]}  J 


(ww  +  wc) 

+ - 

hwc  +  2hb77f 


L(ww  +  wc) 
PfCpfbwcVc 


(4.12) 


where  R|ot  moderate  xs  tota*  modified  thermal  resistance  for  moderate-aspect-ratio  channels. 

Small-aspect-ratio  channels  have  fins  w'hich  are  primarily  used  for  structural  purposes.  The 
fins  are  small  in  thickness  compared  to  the  channel  width  (ww  «  wc),  and  are  very  short  in 
height  (b  «  wc).  Therefore,  the  contribution  of  the  fins  to  the  overall  heat  transfer  is  small  and 
can  be  ignored.  Since  ww  «  wc,  it  is  assumed  that  ww  0,  which  results  in  R"ont  **  0*  Substi¬ 
tuting  Equations  (4.3),  (4.6),  and  (4.7)  into  Equation  (4.9)  gives  the  following  model  for  the  total 
thermal  resistance 


R 


tot.small 


t  1  L 

-  +  -  +  - 

kw  h  p{  Cpf  bVc 


(4  13) 


where  R"ot, small  *s  tota*  modified  thermal  resistance  for  small-aspect-ratio  ducts. 

The  models  for  the  total  modified  thermal  resistance.  Equations  (4.11)  to  (4.13),  need  to  be 
solved  such  that  the  worst-case  thermal  performance  is  predicted.  The  models  ignore  axial  heat 
conduction,  and  thermal  spreading  at  the  periphery  of  the  surface  heat  source.  Therefore,  the 
worst-case  thermal  performance  will  be  predicted  to  occur  at  the  downstream  edge  (x  =  L)  of  the 
heat  source  where  the  Nusselt  number  is  at  its  lowest  value  (see  Figure  4-1).  The  assumptions 
which  are  made  in  the  analysis  of  fin  heat  transfer  (Section  3.3)  collectively  have  been  found  to 
conservatively  model  the  fin  heat  transfer.  Therefore,  it  is  expected  that  the  thermal  performance 
predicted  by  Equations  (4.11)  and  (4.12)  at  x  =  L  will  be  conservative.  Equations  (4.11)  and  (4.13) 
are  also  conservative  because  the  channel  base  heat  transfer  and  the  fin  heat  transfer,  respec¬ 
tively,  have  been  ignored. 


A  scan  of  the  variables  in  Equations  (4.11)  to  (4.13)  shows  that  the  thermal  performance  is  a 
function  of  the  type  of  coolant  (pf,  Cpf),  the  heat-sink  material  (kw),  various  geometrical  parame¬ 
ters  (t,  ww,  wc,  b,  L),  and  the  convective  parameters  (h,  Vc).  In  addition,  the  coolant  and  heat¬ 
sink  properties  are  a  function  of  the  inlet  coolant  temperature  (Tfjn)  and  the  heating  rate  (q"). 
The  only  ‘‘unknowns”  on  the  right-hand  side  are  the  convective  parameters.  The  heat-transfer 
coefficient  is  obtained  from  the  Nusselt  number  at  the  channel  exit  using  h  =  Nukf/De.  Therefore, 
the  unknowns  arc  now  Nu  and  Vc  since  De  is  a  known  geometrical  parameter  and  kf  is  known 
from  the  type  of  coolant.  The  Nusselt  number  was  shown  to  be  in  general  a  function  of  the 
thermal  entrance  length  x*  =  L/DeRePr  and  the  channel  aspect  ratio  a  =  b/wc.  Therefore,  the 
unknowns  are  now  Re  and  Vc  since  Pr  is  known  from  the  type  of  coolant,  and  L,  De,  and  a  are 
all  geometrical  parameters.  The  Reynolds  number  is  given  by  Re  =  VCD ePf//if  where  De  is  a 
known  geometrical  parameter,  and  pf  and  /if  are  known  from  the  choice  of  coolant.  Therefore, 
the  only  unknown  is  the  coolant  velocity  Vc,  which  will  be  provided  by  any  one  of  three  design 
constraints  placed  on  the  liquid  coolant  flow. 
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Section  4.3  reviews  the  solution  of  the  large -aspect-ratio  channel  model  done  by  the  Stanford 
researchers  for  the  fixed-pressure-drop  coolant  flow  constraint.  Section  4.4  outlines  a  more  com¬ 
prehensive  solution  procedure  for  the  thermal  resistance  models  for  three  coolant  flow 
constraints. 

4.3  SIMPLIFIED  SOLUTION  OF  THE  LARCE-ASPECT-RATIO 
CHANNEL  MODEL 

The  analysis  in  this  section  was  presented  in  Tuckerman  and  Pease  (1981a).  The  analysis 
presented  here  is  done  in  terms  of  the  modified  thermal  resistance,  and  the  symbols  for  some  of 
the  analysis  variables  have  been  changed  to  correspond  to  the  notation  used  in  this  report. 

The  important  feature  of  Tuckerman  and  Pease  (1981a)  is  that  they  were  able  to  show  that 
there  is  an  “optimum11  design  for  microchannel  heat  sinks  operating  in  the  fully  developed 
laminar  flow  regime.  This  is  done  by  minimizing  the  sum  of  R£onv  an^  Rbulk  as  a  function  of  the 
channel  width. 

For  large-aspect-ratio  channels,  there  is  a  surface  area  multiplication  factor  <5  =  2b/(ww  +  wc) 
due  to  the  fins.  Assuming  fully  developed  laminar  flow  at  the  channel  exit  provides  the  friction 
factor  as  f  =  24/ Re  =  24pf/(pfVc2wc).  The  Nusselt  number  is  constant  for  a  given  channel  aspect 
ratio  and  is  obtained  from  Figure  2-12.  The  coolant  pressure  drop  is  a  design  constraint  and  is 
given  by  AP  =  4f(L./Dc)  pfV2/2gc,  where  K90,  Kc,  and  Ke  are  assumed  to  be  zero  [see  Equa¬ 
tion  (2.9)].  Upon  substitution  into  Equations  (4.6)  and  (4.7),  the  following  thermal  resistance 
model  is  obtained  + 

2wc  24pfL2 

R"  =  - +  -  (4.14) 

kfNu  Sr7f  pf  Cpf  APw^6 

When  8  is  large,  it  can  be  shown  that  ww  -  wc  maximizes  (which  is  <1.0  and  therefore  mini¬ 
mizes  R").  “For  practical  design,11  the  surface  area  enhancement  is  given  by  <5  =  (kw/kfNu)°-5 
which  results  in  rj{  5565  0.76.  With  these  values  for  8  and  substituted  into  Equation  (4.14),  the 
“optimum11  channel  width  is  given  by  taking  dR"/dwc  =  0  which  gives 

wc~  2.29  (pfL2kfNu/pf  Cpf  AP)0*25  (4.15) 


t  Tuckerman  (1984)  divides  R£ujk  by  77^  to  provide  a  conservative  estimate  of  R".  This  apparently 
is  done  to  account  for  the  effect  of  nonuniform  coolant  temperature  along  the  fin  height.  Sec¬ 
tion  3.3  of  this  report  discussed  the  effect  of  nonuniform  coolant  temperature  along  the  fin  height 
and  found  that  the  traditional  fin  model  quite  accurately  predicted  the  thermal  performance 
(based  on  experimental  data  for  moderate-aspect-ratio  ducts).  For  very  large-aspect-ratio  chan¬ 
nels,  some  correction  might  be  required,  but  a  correction  should  be  done  to  R£onv  not  R'bulk  0n 
the  opinion  of  this  author). 
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for  which  the  “optimum"  modified  thermal  resistance  is  given  by 

R*=  T  Rconv  =  4Rbu,k  =  8.01  (MfL2/kf  pf  Cp,  k2.NuAP)0-25  (4.16) 

To  get  an  idea  of  the  typical  "optimum."  consider  forced  convection  of  water  (kf  **  0.6  W/m°C, 
/if  —  9.8  X  10"4  kg/ms,  5=55  997.4  kg/m3)  with  a  pressure  drop  of  30  psi  (206843  Pa)  in  a  silicon 
heat  sink  (kw  ~  148  W/m°C).  It  can  be  shown  that  if  the  flow'  is  laminar  and  fully  developed 
that  Nu  55:5  6,  which  gives  5  —  6.4,  ww  =  wc  —  58  /um,  b  5=5:5  370  pm,  V  —  0.127  cm3/s  per  channel, 
Rc  —  700,  x*  5=55  0.018,  and  R"  —  0.086°C/(W/cm2).+  Note  that  the  total  thermal  resistance  is 
Rl0t  55=5  0.1  °C  W  for  a  1-cm2  heater,  which  is  about  two  orders-of-magnitude  lower  than  that  of 
today's  state-of-the-art,  high-performance  computer  class  (Rlol  of  10°C/W  or  lower  —  see  Sec¬ 
tion  1.2).  This  is  why  there  is  so  much  interest  in  microchannel  heat-sink  technology. 

The  Stanford  analysis  is  very  simple  and  can  provide  a  sense  of  which  analysis  variables  are 
most  important  [see  Tuckerman  (1984)].  The  selection  of  5  =  (ku/kjNu)0-5  may  seem  a  little  arbi¬ 
trary.  Since  ww  =  wc,  the  "optimum"  fin  aspect  ratio  is  equivalent  to  the  channel  aspect  ratio. 
Therefore  Equation  (3.16)  could  be  used  to  give  5  as 

<5  =  0.5  +  0.5(1  +  8.056  kw/kfNu)0-5  (4.17) 

which  results  in  <5  55=5  8.6  for  this  example.  This  value  of  8  would  be  perhaps  more  "accurate"  but 
would  be  more  difficult  to  manufacture. 

The  Stanford  analysis  assumes  that  the  flow  is  fully  developed.  Since  x*  55:5  0.018  <  0.2,  the 
flow  is  not  fully  developed  though  it  is  close!  Because  of  this,  Nu  will  be  larger  which  makes 
8  smaller  and  wc  larger.  The  effect  of  making  5  smaller  does  tend  to  compensate  by  reducing  the 
fully  developed  value  of  Nu.  The  Stanford  researchers  do  recognize  that  the  flow  is  not  fully 
developed,  but  they  apparently  did  not  modify  their  model  [Equation  (4.14)]  to  account  explicitly 
for  developing  flow. 

In  this  study,  a  computer  program  is  used  to  do  the  tedious  iterative  solution  of  the  thermal 
resistance  models  for  both  fully  developed  and  developing  flow.  It  will  be  shown  that  there  often 
is  no  distinct  "optimum"  heat-sink  design.  Instead,  there  is  a  continuum  of  designs  which  offer 
essentially  the  same  level  of  thermal  performance.  The  solution  procedure  used  in  this  study  to 
solve  Equations  (4.11)  to  (4.13)  for  three  design  constraints  is  discussed  next. 

4.4  ITERATIVE  SOLUTION  PROCEDURE 

The  purpose  of  this  section  is  to  provide  an  overview  of  the  solution  of  the  thermal  resist¬ 
ance  models  [Equations  (4.11)  to  (4.13)]  for  three  design  constraints  on  the  coolant  flow  rate. 

The  three  design  constraints  will  be  introduced  first.  Then  the  procedure  to  obtain  the  coolant 


t  Note  that  the  values  listed  here  differ  slightly  from  those  presented  in  Tuckerman  and  Pease 
(1981a).  This  is  probably  due  to  the  differences  in  the  water  and  silicon  properties. 
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velocity  Vc  will  be  discussed  for  each  constraint  for  smooth  and  repeated-rib-roughened  channels. 
The  procedure  to  obtain  the  Nusselt  number  Nu  will  be  discussed  for  smooth  and  repeated-rib- 
roughened  channels.  The  discussion  then  turns  to  accounting  for  the  effect  of  the  heating  rate  q". 
The  entire  solution  procedure  will  be  presented  in  graphical  form  at  the  end  of  this  section. 

Sample  numerical  results  will  be  presented  in  Section  4.5.2  after  the  computer  program  used  to 
obtain  them  is  introduced  in  Section  4.5.1. 

There  are  three  types  of  design  constraints  which  are  used  in  the  study  to  obtain  the  coolant 
velocity  Vc.  The  first  design  constraint  is  fixed  pressure  drop  AP,  which  may  be  required  due  to 
supply  pressure  limitations  of  the  circulation  pump  or  due  to  structural  (stress)  limitations  of  the 
heat-sink  design.  The  second  design  constraint  is  fixed  volumetric  flow'  rate  per  unit  heater  sur¬ 
face  area  V",  which  may  be  required  since  the  circulation  pump  may  be  of  the  positive- 
displacement  type.  The  third  design  constraint  is  fixed  pumping  power  per  unit  heater  surface 
area  P"  =  APV",  which  may  be  required  to  limit  the  pow'er  consumption  of  the  cooling  system. 
Notice  that  these  three  constraints  really  are  not  totally  independent  when  a  practical  heat-sink 
design  is  being  sought.  In  general,  all  three  constraints  must  be  satisfied  in  that  the  pressure  drop 
does  not  exceed  AP,  that  the  volumetric  flow  rate  does  not  exceed  V'',  and  that  the  pumping 
power  does  not  exceed  P". 

To  determine  the  thermal  performance  of  a  heat  sink,  several  analysis  parameters  must  be 
known  in  advance.  They  are:  the  heat-sink  material,  the  liquid  coolant,  the  inlet  temperature  of 
the  liquid  coolant  Tj  m,  the  heating  rate  q",  the  channel  width  wc,  the  fin  thickness  ww  (or  the 
ratio  wu/wc),  the  fin  height  b  (or  the  channel  aspect  ratio  a  =  b/wc),  the  channel  length  L,  the 
ratio  of  the  channel  and  plenum  cross-sectional  areas  Ac/Ap,  the  substrate  thickness  t,  and  one 
design  constraint  (AP,  V",  or  P").  This  adds  up  to  ten  variables  plus  the  design  constraint.  If  the 
channels  are  roughened  with  repcatcd-ribs,  there  are  four  additional  analysis  parameters  which 
must  also  be  known  in  advance.  These  roughness  parameters  are:  the  ratio  of  the  rib  height  to 
the  channel  hydraulic  diameter  e/De,  the  ratio  of  the  distance  between  repeated-ribs  to  the  rib 
height  p/e,  the  rib  shape  angle  c/>,  and  the  flow  attack  angle  0.  The  computer  program  used  in 
this  study  can  only  treat  one  design  constraint  at  a  time.  Therefore,  the  solution  procedures  used 
to  obtain  the  coolant  velocity  Vc  for  each  design  constraint  are  discussed  separately. 

Since  the  coolant  velocity  is  not  in  general  known  in  advance,  the  Reynolds  number  also  is 
not  known.  To  avoid  problems  with  satisfying  the  Reynolds  number  criterion  for  laminar  vs  tur¬ 
bulent  flow,  the  flow  is  first  assumed  to  be  laminar.  The  entire  solution  procedure  is  then  com¬ 
pleted  assuming  that  the  flow  is  laminar.  The  flow  is  then  assumed  to  be  turbulent  and  the  entire 
solution  procedure  is  repeated.  If  the  laminar  case  Reynolds  number  turns  out  to  be  greater  than 
Recr;t,  the  numerical  results  arc  discarded.  Similarly,  if  the  turbulent  case  Reynolds  number  turns 
out  to  be  lower  than  Recrjt,  the  numerical  results  are  discarded. 

For  the  fixed  pressure  drop  constraint,  Vc  can  be  obtained  using  Equation  (2.9).  If  the  ratio 
of  the  channel  and  plenum  cross-sectional  areas  Ac/Ap  is  substituted  into  Equation  (2.9)  (Vp  ^ 
VcAc/Ap),  the  coolant  velocity  can  be  obtained  after  rearrangement  as 

v2c=  AP  [(Ac/ Ap)2  (2K90)  +  (Kc  +  Ke)  +  4fappL/De]-'  (4.18) 
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where  K90  ~  1.2,  and  Figures  2-10  or  -11  are  used  to  obtain  Kc  and  Ke  at  a  given  Ac/Ap,  and 
Re  (for  turbulent  flow)  or  4L+ =  4L/DeRe  (for  laminar  flow).  For  laminar  flow  in  smooth  chan¬ 
nels,  the  apparent  friction  factor  fapp  is  obtained  from  Table  2-5  as  a  function  of  a  -  b  w;c  and 
L+  =  L/DeRe.  For  turbulent  flow  in  smooth  channels,  the  apparent  friction  factor  is  obtained 
from  Equation  (2.6)  as  a  function  of  L/De  and  Re.  For  fully  developed  turbulent  flow  in 
repeated-rib-roughened  channels,  the  apparent  friction  factor  is  given  by  fj  or  {2  which  are 
obtained  from  Equations  (2.16)  to  (2.18)  as  a  function  of  De,  the  roughness  parameters  (e/De, 
p/e,  and  t//),  and  Re.  Therefore,  Kc,  Ke,  and  fapp  are  all  functions  of  Re  and  other  known 
analysis  parameters.  Since  Re  is  a  function  of  Vc  and  other  known  analysis  parameters,  it 
becomes  clear  that  trial-and-crror  solution  using  successive  guesses  of  Vc  is  required. 

For  the  fixed  volumetric  flow'  rate  constraint,  the  solution  for  the  coolant  velocity  is  easy. 
The  volumetric  flow  rate  per  unit  heater  surface  area  V"  must  first  be  converted  to  a  volumetric 
flow  rate  per  channel.  This  is  done  by  multiplying  V"  by  the  heater  surface  area  directly  over  one 
channel  and  an  adjacent  fin  [L(ww  +  wc)].  The  velocity  is  directly  obtained  by  dividing  the  result 
by  the  cross-sectional  flow  area  of  one  channel  (bwc).  Therefore,  the  coolant  velocity  is  given  by 


V"[L(ww  +  wc)] 
bwc 


(4.19) 


where  V"  is  the  design  constraint,  and  the  geometrical  parameters  (L,  ww,  wc,  and  b)  are  all 
known. 


For  the  fixed  pumping  power  constraint,  the  coolant  velocity  can  be  obtained  using  Equa¬ 
tions  (4.18)  and  (4.19)  solved  for  AP  and  V",  respectively.  The  resulting  equations  are  then  sub¬ 
stituted  into  P"  =  APV"  and  rearranged  to  give 

.  /  2gc  \  [L(ww  +  wt)] 

Vc  =  p"  (— )  [(Ac/Ap)*  (2K90)  +  (Kc  +  Kc)  +  4fapp  L/Dc]-> - — -  (4.20) 

where  the  solution  procedure  is  the  same  as  that  discussed  above  with  the  fixed  pressure  drop 
constraint. 

Now  that  the  coolant  velocity  is  known,  the  heat-transfer  coefficient  can  be  obtained  from 
the  Nusselt  number  Nu  =  hDe/kp  For  laminar  flow  in  smooth  channels,  Nu  is  obtained  from 
Table  2-11  as  a  function  of  a  and  x*  =  L/DeRePr.  For  turbulent  flow  in  smooth  channels,  the 
heat-transfer  coefficient  is  obtained  from  Equation  (2.15)  as  a  function  of  Pr  and  Re.  For  fully 
developed  turbulent  flow  in  repeated-rib-roughened  channels,  Nu  is  obtained  from  Equa¬ 
tions  (2.19)  and  (2.20)  as  a  function  of  De,  the  roughness  parameters  (e/De,  p/e,  </>,  and  </0,  the 
coolant  parameters  (pf,  and  Pr),  and  Re. 

The  total  thermal  resistance  can  now  be  obtained  by  substituting  the  values  for  the  coolant 
velocity  and  the  heat-transfer  coefficient  into  the  thermal  resistance  models  [Equations  (4.11)  to 
(4.13)].  This  solution  is  “accurate"  if  the  correct  values  of  the  heat-sink  material  properties  and 
the  coolant  properties  are  known.  It  was  previously  mentioned  that  the  heating  rate  q"  and  the 
inlet  coolant  temperature  Tf  m  both  affect  the  properties  of  the  heat  sink  and  the  coolant.  To 
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DEFINE  DESIGN  INPUTS 
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DESIGN  CONSTRAINTS 
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SOLUTION  MtTHOO 
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ASSUME  LAMINAR  FLOW 


ALL  PROPERTY  TEMPERATURES  Tf 


OETERMINE  HEAT  SINK  ANO 
COOLANT  PROPERTIES 


DETERMINE  COOLANT  VELOCITY 

i  - 


OETERMINE  HEAT  TRANSFER  COEFFICIENT 

...  ..  ,  .1'1  T~~~ 

OETERMINE  THERMAL  RESISTANCE 

x 


I  OETERMINE  NEW  PROPERTY  TEMPERATURES 


E 


|  DETERMINE  RELATIVE  TEMPERATURE  ERRORS 


\  DETERMINE  NEW  AVERAGE  TEMPERATURES  \ — 


Figure  4-2.  Flowchart  of  the  iterative  solution  procedure. 
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account  for  the  effect  of  the  heating  rate,  the  following  procedure  is  used.  First  the  properties  of 
the  coolant  and  the  heat-sink  material  are  evaluated  at  T^jn  and  assumed  constant  over  the  entire 
channel  length.  Then  the  coolant  velocity  and  the  heat-transfer  coefficient  (at  the  channel  exit) 
are  obtained  using  the  solution  procedure  discussed  above.  At  this  point,  the  individual  thermal 
resistance  components  are  computed  and  summed  to  give  the  total  thermal  resistance.  Several 
temperatures*  are  then  computed  using  the  heating  rate,  the  thermal  resistances,  and  ATpump  [see 
Equation  (4.10)].  The  relative  error  between  the  “new”  and  “old”  temperatures  is  computed,  and 
the  solution  is  obtained  if  all  the  errors  are  sufficiently  small.  If  one  or  more  of  the  errors  is  too 
large,  then  average  values  for  the  temperatures  are  computed  and  used  to  evaluate  the  heat  sink 
and  coolant  properties. 

The  entire  solution  procedure  is  then  repeated  using  these  new  properties,  and  Equations 
(2.25)  and  (2.26)  are  used  to  account  for  variations  of  Nu  and  fapp  due  to  nonuniform  coolant 
properties.  This  process  continues  until  all  the  temperature  errors  are  small  enough.  It  is  only 
after  this  final  solution  is  obtained  that  the  Reynolds  number  can  be  checked  for  being  in  the 
flow'  regime  that  was  assumed  in  the  beginning.  If  Re  is  not  in  the  proper  flow  regime,  the  solu¬ 
tion  is  discarded  because  it  is  not  valid. 

Figure  4-2  summarizes  the  iterative  solution  procedure  used  in  this  study.  The  solution 
procedure  requires  considerable  numerical  computation.  Because  of  this,  a  newr  computer  pro¬ 
gram  has  been  written  to  do  the  numerical  work.  It  is  discussed  in  the  next  section. 

4.5  C  OMPUTER  SOLUTION  OF  THE  THERMAL  RESISTANCE  MODELS 

The  purpose  of  this  section  is  to  introduce  a  computer  program  which  can  be  used  to  com¬ 
pute  the  thermal  and  fluid  performance  of  microchannel  heat  sinks.  The  capabilities  of  this  com¬ 
puter  program  will  be  enumerated.  Sample  numerical  results  will  be  presented  and  discussed.  The 
computer  program  quite  accurately  predicts  the  available  experimental  data  for  microchannel  heat 
sinks  (see  Section  6). 

4.5.1  The  MICROHEX  Computer  Program 

A  new  computer  program  called  “MICROHEX”  has  been  written  by  the  author  to  compute 
the  thermal  and  fluid  performance  of  forced-convection,  liquid-cooled,  microchannel  heat  sinks. 
MICROHEX  will  handle  small-,  moderate-,  and  large-aspect-ratio  channels  with  fully  developed 
and  developing  flow  in  the  laminar  and  turbulent  regimes.  The  channel  surfaces  can  be  smooth 
or  roughened  with  repeated-ribs.  Variable  property  effects  are  included  for  the  chip  material  and 


t  These  temperatures  include:  the  coolant  temperature  at  the  channel  outlet  (at  x  =  L),  the  aver¬ 
age  fin  temperature  (at  x  =  L/2),  the  average  fin  temperature  at  the  channel  outlet  (at  x  =  L),  the 
fin  base  temperature  at  the  channel  exit  (at  x  =  L),  and  the  heated  surface  temperature  at  the 
channel  exit  (at  x  =  L). 
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TABLE  4-1 

Overview  of  MICROHEX  Routines 

Routine 

Type 

Purpose 

ABRUPT 

Fortran 

Computes  the  Kc,  Ke,  and  K9q  loss  coefficients 

MICROHEX 

Exec 

Initializes  the  output  data  files  (IBM  3081) 

MICROHEX 

Fortran 

Initializes  the  design  variables 

PINPUT 

Fortran 

Writes  a  modified  "echo”  of  the  25  variables  initialized  in  the 

MICROHEX  (Fortran)  data  statements,  as  the  first  plot  page  of  the 
plotting  output 

PPLOTT 

Fortran 

Either  plots  the  thermal  reisistance  and  the  pumping  power  as  a 
function  of  the  channel  width,  or  plots  the  thermal  resistance  as  a 
function  of  the  distance  from  the  channel  entrance,  as  the  second  plot 
page  of  the  plotting  output 

PRINTO 

Fortran 

Initializes  the  column  heading  for  the  printout  files 

PROP 

Fortran 

Calls  the  appropriate  subroutine  (PROPF#  and  PROPS#)  to  initialize  the 
property  arrays  for  the  liquid  coolant  and  the  heat-sink  material 

PROPF# 

Fortran 

Contains  the  property  data  for  liquid  coolant  number 

PROPS# 

Fortran 

Contains  the  property  data  for  heat-sink  material  number 

RESIST 

Fortran 

Computes  the  thermal  and  fluid  performance 

RTOTAL 

Fortran 

Finalizes  the  initialization  of  all  computational  input  parameters,  prints 
the  thermal  and  fluid  results,  and  stores  valid  data  points  for  plotting 

RTURF 

Fortran 

Computes  the  repeated-rib-roughened  channel,  fully  developed  flow 
friction  factor 

RTURNU 

Fortran 

Computes  the  repeated-rib-roughened  channel,  fully  developed  flow 
Nusselt  number 

SFFD 

Fortran 

Computes  the  smooth-channel,  laminar  friction  factor  for  fully 
developed  flow  everywhere 

SLAMF 

Fortran 

Computes  the  smooth-channel,  fully  developed/developing  laminar 
friction  factor 

SLAMNU 

Fortran 

Computes  the  smooth-channel,  fully  developed/developing  laminar 

Nusselt  number 

SNUFD 

Fortran 

Computes  the  smooth-channel,  laminar  Nusselt  number  for  fully 
developed  flow  everywhere 

STURF 

Fortran 

Computes  the  smooth-channel,  fully  developed/developing  turbulent 
friction  factor 

STURNU 

Fortran 

Computes  the  smooth-channel,  fully  developed/developing  turbulent 
Nusselt  number 

TEMPS 

Fortran 

Computes  the  coolant  and  heat-sink  temperatures 
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the  liquid  coolant  (compressibility  effects  have  not  been  included).  The  effect  of  viscous  dissipa¬ 
tion  in  the  liquid  coolant  is  included.  Thermal  spreading  at  the  periphery  of  the  heat  source  is 
also  taken  into  account  with  simplified  one-dimensional  models. 

Program  MICROHEX  and  its  19  subroutines  are  written  in  Fortran  IV.  It  has  been  success¬ 
fully  run  on  an  IBM  3081,  a  M1CROVAX  II,  and  an  IBM  PC.  A  complete  listing  of  the  entire 
computer  program  is  provided  in  Appendix  E.  Table  4-1  briefly  discusses  what  each  subroutine 
does,  and  Figure  4-3  presents  the  program  flowchart  which  shows  when  each  subroutine  is  called. 
The  computational  procedure  used  by  MICROHEX  to  arrive  at  the  thermal  and  fluid  perfor¬ 
mance  predictions  is  the  same  as  the  solution  procedure  outlined  in  Scetion  4.4.  MICROHEX 
typically  takes  about  5  to  10  s  of  CPU  time  on  an  IBM  3081  computer  to  do  the  computations 
for  each  generic  heat-sink  design  (e.g.,  all  of  Figure  4-4).  This  CPU  time  also  includes  the  time 
required  to  prepare  plots  of  the  thermal  and  fluid  performance.  The  plotting  is  done  using  the 
DISSPLA  graphics  package.  The  reader/user  may  wish  to  use  a  different  plotting  package  to  suit 
their  own  in-house  capabilities.  It  is  for  this  reason  that  the  plotting  is  done  in  two  subroutines 
(P1NPUT  and  PPLOTT),  which  ean  be  easily  “updated"  with  the  user’s  own  plotting  routines. 

The  input  for  MICROHEX  is  provided  via  initializing  up  to  25  variables  in  the  MICRO¬ 
HEX  program  data  statements.  These  variables  will  now  be  introduced  (see  Table  4-2  for  a 
summary  of  the  input  variables). 

The  variable  NCURVE  determines  how  many  generic  heat-sink  designs  will  be  analyzed. 

From  one  to  five  designs  are  allowed,  and  each  design  will  have  its  thermal  and  fluid  perfor¬ 
mance  plotted  using  a  unique  curve  type. 

The  variable  IX  determines  if  either  the  channel  width  wc  or  the  channel  length  x  is  fixed 
(constant).  If  the  channel  length  is  constant  (IX  =  1).  then  the  thermal  and  fluid  performance  will 
be  plotted  as  a  function  of  the  channel  width  with  all  results  provided  at  the  channel  exit  (ther¬ 
mal  spreading  at  the  heater  periphery  is  not  included  here  since  the  channel  exit  is  not  the  loca¬ 
tion  of  the  peak,  total  thermal  resistance  if  thermal  spreading  is  considered).  If  the  channel  width 
is  constant  (IX  z  2),  then  the  thermal  and  fluid  performance  will  be  plotted  as  a  function  of  the 
channel  length  (thermal  spreading  along  the  channel  length  at  the  heater  periphery  will  be 
included). 

The  variable  NSINK  is  used  to  specify  the  heat-sink  material.  MICROHEX  contains  data 
for  gallium  arsenide,  germanium,  indium  phosphide,  silicon,  aluminum,  eopper,  and  silver.  The 
user  can  easily  include  other  materials  simply  by  adding  additional  PROPS#  subroutines. 

The  variable  NFLUIL)  is  used  to  specify  the  liquid  coolant.  MICROHEX  contains  data  for 
FC-77,  Freon  12  (CCUF2),  and  water.  The  user  ean  easily  include  other  liquid  coolants  simply  by 
adding  additional  PROPF#  subroutines. 

The  variable  1CASE  is  used  to  specify  the  flow;  regime(s)  and  channel  surface  type.  Three 
ICASEs  are  currently  used.  They  are:  (a)  fully  developed  laminar  flow  everywhere  (smooth  sur¬ 
faces),  (b)  fully  developed/developing,  laminar/turbulent  flow  (smooth  channels),  and  (e)  fully 
developed  turbulent  flow  everywhere  (repcatcd-rib-roughened  surfaces). 
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Figure  4-3.  Flowchart  of  subroutine  calls  for  program  MICROHEX. 
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PUMPING  POWER  (W/cm2)  TOTAL  THERMAL  RESISTANCE  [°C/(W/cm2)] 


Figure  4-4.  Thermal  resistance  am!  pumping  power  vs  channel  width  for  the  reference  case. 
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TABLE  4-2 

MICROHEX  Data  Statement  Variables 

Variable 

Units 

Description 

NCURVE 

— 

Number  of  generic  heat-sink  designs 

IX 

— 

Vary  channel  width  or  channel  position 

NSINK 

— 

Heat-sink  material  identification  number 

NFLUID 

— 

Liquid  coolant  identification  number 

ICASE 

— 

Specifies  flow  regime  and  channel  surface  type 

Q 

W/cm2 

Surface  heating  rate 

TFLUIN 

°K 

Inlet  coolant  temperature 

WCSTAR 

fj.  m 

Smallest  channel  width 

WCEND 

fj.  m 

Largest  channel  width 

WCINCR 

(drr\ 

Channel  width  increment 

WWBYWC 

— 

Ratio  of  the  fin  thickness  to  the  channel  width 

IZ 

— 

Fixed  fin  height  or  channel  aspect  ratio 

B 

ium 

Fin  height 

ASPECT 

— 

Channel  aspect  ratio 

L 

m 

Channel  length 

T 

fd  m 

Solid  material  thickness  between  heated  surface  and  the  channel 
base  and  fin  base  plane 

IKLOSS 

— 

Specifies  if  inlet,  exit,  and  90°  bend  pressure  loss  is  to  be  computed 

ICONS 

— 

Determines  the  coolant  velocity  constraint 

DELP 

psi 

Coolant  pressure  drop 

VOLUME 

(cm3/s)/cm2 

Coolant  volumetric  flow  rate  per  unit  heater  surface  area 

POWER 

W/cm2 

Coolant  pumping  power  per  unit  heater  surface  area 

EBYDE 

— 

Ratio  of  the  rib  height  to  the  channel  hydraulic  diameter 

PBYE 

— 

Ratio  of  the  rib  separation  to  the  rib  height 

PHI 

deg 

Rib  shape  angle 

Zl 

deg 

Flow  attack  angle 

100 


The  variable  Q  is  used  to  specify  the  surface  heat  input  q"  in  watts  per  square  centimeter  of 
heater  surface  area.  The  variable  TFLUIN  is  used  to  speeify  the  inlet  temperature  of  the  liquid 
coolant  in  degrees  Kelvin 

The  variable  WCSTAR  is  used  to  specify  the  smallest  channel  width  wc  in  microns  that  will 
be  analyzed.  The  variable  WCEND  is  used  to  speeify  the  largest  channel  width  in  microns  that 
will  be  analyzed.  The  variable  WCINCR  is  used  to  speeify  the  increment  in  channel  width 
between  WCSTAR  and  WCEND  for  intermediate  channel  widths  that  will  be  analyzed.  If  IX  =  1, 
then  the  thermal  performance  will  be  computed  for  ehannel  widths  wc  =  WCSTAR,  WCSTAR  + 

1  WCINCR,  WCSTAR  +  2WC1NCR . WCEND.  If  IX  =  2,  then  WCSTAR  =  WCEND,  and 

WCINCR  ^  0  is  required  since  the  ehannel  width  is  constant. 

The  variable  WWBYWC  is  used  to  speeify  the  ratio  of  the  fin  width  ww  to  the  channel 
width  wc. 

The  variable  1Z  is  used  to  determine  whether  the  channel  height  (fin  height)  b  is  constant,  or 
if  the  channel  aspect  ratio  a  -  b/wc  is  constant.  If  1Z  =  1,  then  the  variable  B  is  used  to  speeify 
the  ehannel  height  (fin  height)  b  in  microns.  If  IZ=  2,  then  the  variable  ASPECT  is  used  to  spec¬ 
ify  the  constant  ehannel  aspeet  ratio. 

The  variable  L  is  used  to  specify  the  ehannel  length  in  meters.  The  variable  T  is  used  to 
speeify  the  thickness  in  microns  of  the  solid  material  between  the  surfaee  of  heat  input  and  the 
channel  base  and  fin  base  plane. 

The  variable  1KLOSS  is  used  to  determine  if  the  inlet  and  exit  header  pressure  losses  will  be 
included  or  not.  If  IKLOSS  =  O,  then  Ke  =  Ke  =  K90  =  0,  and  only  the  channel  friction  will  be 
used  to  determine  the  overall  pressure  drop.  If  IKLOSS  =  1,  then  Ke,  Ke,  and  K9q  will  be  com¬ 
puted  and  included  in  the  overall  pressure  drop. 

The  variable  ICONS  is  used  to  determine  which  flow’  constraint  will  be  used  to  determine 
the  velocity  of  the  liquid  in  the  microehannels.  If  ICONS  =  1,  then  the  variable  DELP  is  used  to 
specify  the  coolant  pressure  drop  AP  in  psi.  If  ICONS  =  2,  then  the  variable  VOLUME  is  used  to 
specify  the  coolant  flow  rate  V"  in  eubie  centimeters  per  second  per  square  centimeter  of  heater 
surface  area.  If  ICONS  =  3,  then  the  variable  POWER  is  used  to  specify  the  coolant  pumping 
power  P"  in  watts  per  square  centimeter  of  heater  surfaee  area. 

If  the  channel  surfaces  are  roughened  with  repeated-ribs  (o  <  0. 1  or  a  >  10.),  then  the  fol¬ 
lowing  four  variables  must  be  initialized.  The  variable  EBYDE  is  used  to  speeify  the  ratio  of  the 
rib  height  e  to  the  ehannel  equivalent  diameter  De.  The  variable  PBYE  is  used  to  specify  the 
ratio  of  the  spacing  between  repeated-ribs  p  and  the  rib  height  e.  The  variable  PHI  is  used  to 
specify  the  rib  shape  angle  $  in  degrees.  The  variable  ZI  is  used  to  specify  the  flow  attack  angle 
&  in  degrees. 

4.5.2  Sample  Numerical  Results 

This  subsection  presents  typical  thermal  and  fluid  performance  predictions  that  are  obtained 
using  MICROHEX.  A  “reference”  mieroehannel  heat-sink  design  will  first  be  described.  After 
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this,  there  will  be  a  comparison  of  the  thermal  and  fluid  performance  for  the  reference  case  with 
other  design  cases  where  one  analysis  parameter  is  temporarily  varied  while  all  others  are  held 
constant. 

The  reference  case  design  is  a  water-cooled  silicon  heat  sink.  The  modified  “echo”  (produced 
by  subroutine  P1NPUT)  of  the  input  variables  is  provided  as  Table  4-3.  From  this  table,  it  can 
be  seen  that  all  thermal  and  fluid  performance  calculations  were  done  at  the  channel  exit  and 
therefore  the  effect  of  thermal  spreading  at  the  heater  perimeter  was  not  included.  The  calcula¬ 
tions  were  done  for  fully  developed/developing,  laminar/turbulent  flow  in  smooth  channels.  The 
inlet  coolant  temperature  is  Tf  jn  =  300°K.  For  simplicity,  the  surface  heat  flux  is  assumed  negli¬ 
gible,  and  therefore  the  properties  of  the  heat-sink  material  and  the  liquid  coolant  are  constant 
all  along  the  channel.  The  computations  begin  with  a  channel  width  of  5  /im  and  proceed  in  5- 
/im  increments  up  to  wc  =  500  /im.  The  ratio  of  the  fin  thickness  to  the  channel  width  is  unity, 
and  the  channel  aspect  ratio  is  constant  at  4.0.  The  channel  length  is  1.0  cm,  and  the  substrate 
thickness  t  is  100  /im.  The  pressure  drop  through  the  90°  bends,  the  inlet  contraction,  and  the 
exit  expansion  are  assumed  to  be  small  compared  to  the  friction  pressure  drop  along  the  1.0-cm- 
long  channel.  The  coolant  velocity  is  determined  for  a  68.9  kPa  (10  psi)  pressure  drop  for  all 
channel  widths. 

The  thermal  and  fluid  performance  predictions  are  plotted  in  Figure  4-4  for  the  reference 
case.  The  upper  graph  is  a  plot  of  the  total  thermal  resistance  per  unit  area  as  a  function  of  the 
channel  width.  The  lower  graph  is  a  plot  of  the  pumping  power  required  per  unit  surface  area  as 
a  function  of  the  channel  width.  On  both  graphs,  the  laminar  flow  results  begin  with  open  circles 
(small  wc),  and  end  with  open  squares  (large  wc).  Similarly,  the  turbulent  flow  results  begin  with 
closed  circles  (smallest  turbulent  wc),  and  end  with  closed  squares  (largest  wc).  The  transition 
Reynolds  number  determines  where  the  laminar  flow  curve  ends,  and  where  the  turbulent  flow 
curve  begins  (see  Table  2-1).  The  upward  pointing  triangular  symbols  indicate  the  separation 
between  fully  developed  flow  (to  the  left)  and  developing  flow  (to  the  right).  The  downward 
pointing  triangular  symbolst  on  the  laminar  flowr  curves  indicate  where  the  thermal  entrance 
length  x*  =  L/DeRePr  becomes  <  0.005  (to  the  right). 

Three  thermal  resistance  curves  are  shown  for  the  reference  case.  They  are  the  coolant  bulk 
temperature  rise  thermal  resistance  ( Rbuik),  convective  thermal  resistance  (RconvX  and  the 
total  thermal  resistance  (R't'ot).  The  total  thermal  resistance  also  includes  the  solid  substrate  ther¬ 
mal  resistance  ( R''0iid)  anc*  l^e  contraction  thermal  resistance  (Rcont)-  The  so '1C*  substrate  thermal 
resistance  was  not  plotted  since  it  is  constant  for  all  channel  widths  (q"  =  0).  The  contraction 
thermal  resistance  was  not  plotted  since  it  is  small  and  nearly  constant. 


t  Downward  pointing  triangles  do  not  appear  on  the  turbulent  flowr  curves  since  Re  <  28,000  for 
the  range  of  channel  widths  shown.  These  symbols  will  appear  on  future  turbulent  flow  curves  as 
required  to  indicate  when  Re  ^  28,000. 


102 


TABLE  4-3 


Input  Data  for  MICROHEX  Computations 


IX. 

Calcs.  Done  at  Channel  Exit 

—  Channel  Width  Varied 

LINE  TYPE: 

SOLID 

DOT 

DASH 

CHNDOT 

CHNDSH 

ICASE. 

FD/D,LAM/TUR 

NA 

NA 

NA 

NA 

MATERIAL 

SI 

NA 

NA 

NA 

NA 

COOLANT. 

WATER 

NA 

NA 

NA 

NA 

TFLUIN 

300  DEG. K 

NA 

NA 

NA 

NA 

Q 

0.000W/CM*2 

NA 

NA 

NA 

NA 

WCSTAR 

5.00  MICRONS 

NA 

NA 

NA 

NA 

WCEND 

500.  MICRONS 

NA 

NA 

NA 

NA 

WCINCR. 

5.00  MICRONS 

NA 

NA 

NA 

NA 

WWBYWC: 

1.000 

NA 

NA 

NA 

NA 

B: 

NA 

NA 

NA 

NA 

NA 

ASPECT: 

4.0000 

NA 

NA 

NA 

NA 

L: 

0.010  M 

NA 

NA 

NA 

NA 

T 

100  MICRONS 

NA 

NA 

NA 

NA 

IKLOSS. 

KC=KE=K90=0. 

NA 

NA 

NA 

NA 

DELP: 

10  0  PSI 

NA 

NA 

NA 

NA 

VOLUME: 

NA 

NA 

NA 

NA 

NA 

POWER. 

NA 

NA 

NA 

NA 

NA 

EBYDE. 

NA 

NA 

NA 

NA 

NA 

PBYE: 

NA 

NA 

NA 

NA 

NA 

PHI: 

NA 

NA 

NA 

NA 

NA 

Zl: 

NA 

NA 

NA 

NA 

NA 
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Some  interesting  features  of  the  curves  should  be  noted.  The  magnitude  of  R£uik  continu¬ 
ously  gets  smaller  with  channel  width  since  more  coolant  can  be  forced  through  the  larger  chan¬ 
nels  at  the  same  pressure  drop.  It  is  quite  interesting  to  note  that  the  turbulent  flow  R^jk 
appears  to  be  an  extension  of  the  laminar  flow  results.  This  is  a  purely  fortuitous  result. 

The  laminar  flow  R"onv  continuously  gets  larger  with  increasing  channel  width.  This  is  an 
intuitively  correct  result.  For  example,  for  fully  developed  laminar  flow,  Nu  z  hDe/kf  z  const. 

Since  the  channel  hydraulic  diameter  increases  with  channel  width,  the  heat-transfer  coefficient 
must  decrease,  thereby  causing  the  thermal  resistance  to  increase.  For  developing  laminar  flow, 
the  Nusselt  number  increases  as  the  flow  at  the  channel  exit  becomes  less  fully  developed,  and 
therefore  R"onv  increases  less  rapidly.  The  turbulent  flow  R£onv  is  shown  initially  to  decrease 
slowly  with  increasing  channel  width,  and  then  to  increase  slowly.  This  is  due  to  a  steady 
increase  in  the  flow  Reynolds  number  which  is  required  to  meet  the  specified  pressure  drop.  The 
Nusselt  number  gets  bigger  quite  rapidly  due  to  the  increase  in  the  Reynolds  number.  In  fact, 
this  effect  is  initially  stronger  than  the  reduction  in  h  due  to  increases  in  De.  One  should  also 
remember  that  the  Nusselt  number  was  determined  assuming  that  the  flow  was  fully  developed, 
when  in  this  case  it  really  is  not  fully  developed  at  the  channel  exit. 

Perhaps  the  most  interesting  fact  to  note  here  is  that  the  laminar  flow  Rj'ot  curve  does  not 
show  any  distinct  optimum  as  predicted  by  the  Stanford  researchers.  Instead,  the  total  thermal 
resistance  tends  to  more-or-less  level  off  with  sufficiently  large  channel  widths.  In  fact,  it  is  found 
that  the  total  thermal  resistance  for  turbulent  flow  is  lower!  It  is  significantly  lower  —  on  the 
order  of  20  to  30  percent.  Remember  also  that  the  turbulent  flow  thermal  and  fluid  performance 
predictions  should  be  conservative  (too  large  a  friction  factor,  and  too  small  a  Nusselt  number). 

One  does  not  get  better  thermal  performance  for  nothing,  though.  As  can  be  seen  from  the 
pumping  power  vs  channel  width  plot,  the  required  pumping  power  continuously  increases  with 
channel  width.  The  pumping  power  is  generally  <10  W/cm2,  which  is  considered  to  be  a  very 
reasonable  pumping  cost  in  light  of  the  thermal  performance  obtained. 

Four  separate  output  files  are  provided  as  output  by  MICROHEX.  The  numerical  results 
contained  in  those  output  files  for  the  reference  case  have  been  included  as  Appendix  F  of  this 
report.  At  the  top  of  each  output  column  is  the  variable  name  and  the  units  of  the  output 
results.  The  description  of  what  each  variable  name  represents  is  included  in  the  comment  header 
section  of  the  RTOTAL  subroutine  (see  Appendix  E).  Note  that  some  variable  names  arc  differ¬ 
ent  from  the  notation  used  in  the  text  of  this  report.  The  MICROHEX  numerical  results  have 
been  checked  and  verified  with  a  hand-held  calculator  for  several  channel  widths. 

The  typical  values  of  several  analysis  parameters  for  the  reference  case  will  now  be  reviewed. 
For  simplicity,  the  following  channel  widths  are  selected:  fully  developed  laminar  flow  (wc  =  50  pm), 
developing  laminar  flow  (wc  =  100  p m),  and  developing  turbulent  flow  (wc  =  300  /am). 
The  liquid  coolant  and  heat-sink  material  properties  are  uniformly  constant  since  the  surface  heat 
input  is  ?ero  (q"  =  0).  The  properties  are  evaluated  at  TFLUIN  =  300°K.  The  silicon  thermal  con¬ 
ductivity  is  ku  ~  148  W/m°C.  The  water  thermal  conductivity  is  kf  «  0.613  W/m°C,  the  spe¬ 
cific  heat  is  Cpf  —  4177.6  J/kg°C,  the  Prandtl  number  is  Pr  6.033,  the  density  is  — 

995.5  kg/m3,  and  the  dynamic  viscosity  is  pf  —  0.00088  kg/ ms.  From  Equation  (2.23),  the 
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coolant  temperature  rise  due  to  viscous  dissipation  is  ATpump  **0.017°C.  This  is  a  very  small 
temperature  change,  and  therefore  the  properties  are  still  essentially  constant. 

The  heat  sinks  have  a  channel  height  b  =  200,  400,  and  1200  /urn,  respectively,  for  wc  =  50, 

100,  and  300  /urn  (o  =  4.0).  The  corresponding  fin  widths  are  ww  =  50,  100,  and  300  /u m.  The 
channel  hydraulic  diameters  are  De  =  4A/P  =  80,  160,  and  480  jjl m  for  the  same  channel  widths. 
From  Equation  (2.3),  the  laminar  equivalent  diameter  is  Dje  «  416.3  /im  for  wc  =  300  /um  (turbu¬ 
lent  flow). 

The  average  coolant  velocity  in  the  channels  is  Vc  —  1.40,  4.67,  and  1 1.59  m/s,  respectively, 
for  wc  =  50,  100,  and  300  /urn.  From  Equation  (2.1),  the  corresponding  Reynolds  numbers  are 
Re  **  127,  845,  and  6290.  The  laminar  equivalent  Reynolds  number  given  by  Equation  (2.4)  is 
Re*  —  5450  for  wc  =  300  /urn  (turbulent  flow).  The  hydrodynamic  entrance  length  is  given  by 
L+  =  L/DcRe  ~0.99,  0.074,  and  0.0033,  respectively.  From  Equation  (2.13),  the  corresponding 
thermal  entrance  lengths  are  x*  —  0.164,  0.0123,  and  0.0005. 

The  laminar  flow  friction  factor  can  be  obtained  from  Table  2-5  as  fapp  =  [(fappR^)/ Re]  2=55 
0.142  and  0.0254,  respectively,  for  wc  =  50  and  100  /urn.  From  Equation  (2.6),  the  turbulent  flow 
friction  factor  is  fapp  —0.0124.  From  Equation  (4.18),  the  aforementioned  coolant  velocities  are 
obtained  (Kc  =  Ke  =  K90  =  0).  The  coolant  volumetric  flow  per  unit  heater  surface  area  can  be 
obtained  from  Equation  (4.19)  as  V"  —  1.4,  9.35,  and  69.53  (cm3/s)/cm2,  respectively,  for  wc  =  50, 
100,  and  300  /urn.  The  corresponding  coolant  pumping  power  per  unit  heater  surface  area  is 
P"  =  APV"  ~  0. 10,  0.64,  and  4.79  W/cm2. 

The  laminar  flow  Nusselt  number  can  be  obtained  from  Equation  (2.12)  using  Tables  2-8 
and  2-1  1  to  give  Nu  **  5.86  and  7.17,  respectively,  for  wc  =  50  and  100  /urn.  The  turbulent  flow 
Nusselt  number  can  be  obtained  from  Equation  (2.15)  to  give  Nu  **42.8  for  wc  =  300  /urn.  The 
corresponding  heat-transfer  coefficients  are  h  =  Nukf/De  **44,900,  27,470,  and  54,600  W/m2oC. 
From  Equation  (3.13),  the  corresponding  fin  efficiencies  are  86.4,  84.0,  and  50.7  percent.  From 
Equation  (3.7),  the  corresponding  values  of  the  fin  criterion  are  2kw/hww  **  132,  108,  and  18.1. 
The  fin  criteria  are  all  >  6.0,  and  therefore  fin  analysis  Assumption  5  is  not  violated.  Note 
though,  that  the  turbulent  flow  fin  efficiency  is  less  than  the  80-percent  limit  specified  in  order 
for  the  fin  model  to  be  accurate.  Therefore,  the  thermal  performance  will  probably  not  be  quite 
as  good  as  predicted.  Note  though,  that  the  turbulent  Nusselt  number  was  assumed  to  be  fully 
developed  when  in  actuality  the  flow  is  not  fully  developed.  Therefore  the  thermal  performance 
may  be  better. 

The  thermal  resistance  was  computed  for  a  moderate-aspect  ratio  since  a  =  4.0.  From  Equa¬ 
tion  (4.3),  the  solid  material  thermal  resistance  between  the  heater  surface  and  the  fin  base  and 
channel  base  plane  is  R"0|id  **  0.0068°C/(W/cm2)  for  all  three  channel  widths.  From  Equation 
(4.4),  the  contraction  thermal  resistance  is  R"on(  ^  0.0007,  0.0015,  and  0.0045°C/(W/cm2). 

From  Equation  (4.6),  the  convective  thermal  resistance  is  R"onv  ^  0.0563,  0.0943,  and  0.0724°C/ 
(W/cm2).  From  Equation  (4.7),  the  coolant  bulk  temperature  rise  thermal  resistance  is 
R bulk  ~  0.1718,  0.0257,  and  0.0035°C/(W/cm2).  Equation  (4.9),  the  total  thermal  resistance  is 
R;'ot  **  0.2356,  0.1282,  and  0.0871°C/(W/cm2). 
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The  total  thermal  resistance  of  the  three  representative  channel  widths  for  the  reference  case 
is  plotted  in  Figure  4-5  as  a  function  of  the  distance  from  the  upstream  heater  edge.  The  actual 
channel  length  is  longer  than  the  1.0-cm-long  heat  source.  The  effect  of  thermal  spreading  along 
the  channel  length  has  been  included  by  using 


^  tot 


solid 


D  "  + 

^cont 


R"onv]  [1.0  -  e’(x  Ld)]  [1.0  -  e'[(L'x)  Ld]]  +  R 


bulk 


(4.21) 


where  Ld  is  defined  in  conjunction  with  Equation  (3.19)  (thermal  spreading  was  not  accounted 
for  in  Figure  4-4).  Note  that  thermal  spreading  in  the  transverse  direction  was  not  included  here 
since  it  is  assumed  that  the  heat  source  is  very  wide  in  the  transverse  direction.  For  the  curves 
with  the  triangles,  the  results  to  the  right  of  the  upward  pointing  triangle  is  fully  developed,  and 
the  flow  to  the  left  of  the  downward  pointing  triangle  is  for  x*  <  0.005. 


Two  curves  are  shown  for  turbulent  flow.  The  dashed  curve  assumes  that  the  Nusselt 
number  is  fully  developed  everywhere  (which  is  the  assumption  used  everywhere  else  in  this 
treatise  —  except  as  noted).  The  solid-dot  curve  multiplies  the  turbulent  Nusselt  number  by 


DISTANCE  FROM  CHANNEL  ENTRANCE  (m) 

Figure  4-5 .  Thermal  resistance  as  a  function  of  distance  from  the  upstream  heater  edge  for  several  reference 
case  channel  w  idths. 
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[1  +  (De  L)2  -*]  to  approximate  the  effeet  of  developing  flow  on  the  Nusselt  number/  A  compari¬ 
son  of  the  two  curves  shows  that  the  flow  at  the  channel  exit  is  nearly  fully  developed  for 
wc  =  300  fim.  A  comparison  of  the  curves  in  Figure  4-5  shows  that  the  effect  of  is  very 

important  for  laminar  flow.  This  leads  to  greater  nonuniformity  in  R('ot  along  the  channel.  The 
average  R"ot  is  consequently  much  smaller  for  turbulent  flow.  Section  4.6  will  discuss  how  “com¬ 
pensation  heaters”  ean  be  used  to  enhance  the  uniformity  in  R['ot. 

Having  reviewed  the  results  for  the  reference  case,  it  is  instructive  to  see  what  happens  when 
some  of  the  input  variables  are  temporarily  changed  one  at  a  time  relative  to  the  reference  ease 
values.  A  comparison  between  the  early  Stanford  thermal  and  fluid  performance  prediction  the¬ 
ory,  and  that  theory  which  is  used  in  this  study,  is  shown  in  Figure  4-6.  The  solid  eurve  is  for 
the  reference  case  where  the  calculations  arc  done  for  fully  developed /developing,  laminar/turbu- 
lent  flow.  The  dotted  curve  is  for  the  same  reference  case  exeept  that  the  flow'  is  assumed  to  be 
fully  developed  and  laminar  for  all  ehannel  widths.  When  the  flow  really  is  laminar  and  fully 
developed  (to  the  left  of  the  upward  pointing  triangles),  the  two  computational  methods  yield  vir¬ 
tually  identical  results,  which  indeed  they  should.  The  small  difference  between  the  two  curves  in 
this  region  is  due  to  the  inherent  disagreement  between  using  polynomial  equations  to  model 
fully  developed  laminar  How  (see  subroutines  SFFD  and  SNUFD  in  Appendix  E),  and  using 
interpolation  in  the  lookup  tables  used  in  this  study  (see  Tables  2-5  and  2-11,  and  subroutines 
SLAMF  and  SLAMNU  in  Appendix  E). 

To  the  right  of  the  upward  pointing  triangles,  the  flow  is  not  fully  developed.  The  R"ot  for 
the  case  where  the  flow  is  always  assumed  to  be  laminar  and  fully  developed  is  higher  than  that 
for  the  reference  case.  The  error  increases  with  increasing  channel  width.  In  fact,  there  is  a  dis¬ 
tinct  minimum  in  the  thermal  resistance,  which  is  an  artifact  of  the  assumption  that  the  flow'  is 
always  fully  developed.  Since  the  total  thermal  resistance  rises  quickly  for  smaller  ehannel  widths, 
this  author  considers  the  so-called  “optimum”  to  instead  be  a  “lower  bound”  to  the  range  of 
channel  widths  that  should  be  used. 

Figure  4-6  also  presents  thermal  and  fluid  performance  results  for  a  ehannel  aspect  ratio  of 
a  -  10.01  (the  solid-dot  and  dashed  curves).  The  solid-dot  curve  gives  the  results  where  the  flowr 
is  assumed  to  be  fully  developed  and  laminar  for  all  channel  widths.  The  dashed  eurve  gives  the 
results  for  fully  developed/developing,  laminar  Turbulent  flow.  The  reader  should  note  that  the 
computational  differences  between  the  two  models  are  greater  for  a  =  >  10.01  than  for  a  -  4.0. 
This  difference  is  due  to  the  fact  that  a  >  10.0  is  assumed  to  be  equivalent  to  flow  between  infi¬ 
nite  parallel  plates  for  the  model  used  in  this  study.  The  difference  is  notably  small  (<  ~10  per¬ 
cent),  which  is  the  reason  why  a  -  10.0  is  used  to  delineate  between  moderate-  and  large-aspeet- 
ratio  channels.  The  reader  should  note  that  the  thermal  resistance  in  laminar  flow  is  about  50 
percent  smaller  for  a  =  10.01  than  for  a  -  4.0.  The  turbulent  flow-  thermal  performance  “crosses 
over”  at  wc  240  ^m.  This  effect  is  due  to  the  faet  that  the  fin  efficiency  for  a  r  10.01  is  much 


+  As  discussed  in  Section  2.4,  this  conversion  does  not  include  the  effect  of  Re  and  Pr  on  the 
developing  turbulent  Nusselt  number,  and  therefore  should  be  used  with  caution. 
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Figure  4-6.  Thermal  resistance  and  pumping  power  vs  channel  width  for  the  reference  case  and  fully 
developed  laminar  flow  at  two  channel  aspect  ratios. 
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smaller  than  that  for  a  -  4.0  (even  though  the  a  =  10.01  Nusselt  number  is  larger).  Note  that  the 
pumping  power  requirements  for  the  a  -  10.01  case  are  always  larger. 

Figure  4-7  presents  the  thermal  and  fluid  performance  results  for  a  comparison  of  the  three 
coolant  flow  rate  constraints.  Note  that  the  thermal  performance  for  constant  volumetric  flow 
continuously  increases  with  channel  width.  This  is  due  to  the  decrease  in  coolant  velocity  related 
to  the  increase  in  the  flow  cross-sectional  area  (a  =  const).  The  pumping  power  therefore  also 
continuously  decreases  with  channel  width.  The  thermal  performance  for  the  constant  pumping 
power  constraint  behaves  very  similar  to  that  of  the  reference  case,  except  that  the  thermal  per¬ 
formance  for  laminar  flow  shows  an  obvious  optimum.  The  primary  intent  of  this  comparison, 
though,  is  to  show  that  the  three  coolant  flow'  rate  constraints  provide  identical  thermal  and  tluid 
performance  in  both  the  laminar  and  turbulent  regimes  when  P"  =  APV".  This  is  a  sensitive  test 
of  the  computational  accuracy  of  the  MICROHEX  program/ 

Figure  4-8  presents  the  thermal  and  fluid  performance  results  for  a  comparison  of  various 
heat-sink  materials.  As  expected,  the  total  thermal  resistance  decreases  with  higher  heat-sink 
thermal  conductivity  (the  pumping  power  requirements  of  course  do  not  change).  The  dotted  and 
dashed  curves  terminate  at  somewhat  smaller  channel  widths  since  the  fin  criterion  is  not  satisfied 
for  large  channel  widths. 

Making  the  microchannel  heat  sink  directly  into  the  back  of  an  1C  chip  does  have  potential 
problems,  like  reduced  reliability  and  reduced  manufacturing  yield.  Since  copper  and  aluminum 
offer  better  thermal  performance,  the  microchannel  heat  sink  might  be  made  in  copper  or  alumi¬ 
num  and  then  interfaced  with  the  chip.  The  heat  sink  therefore  becomes  a  “cold  plate,"  w'hich 
can  have  good  thermal  performance  if  the  interface  thermal  resistance  (R"n{)  is  small  enough.  A 
relatively  new  interfacing  method  called  a  “microcapillary  thermal  interface"  has  been  developed 
by  Tuckerman  and  Pease  (1983)  and  Tuckerman  (1984).  As  discussed  in  Appendix  D,  the  ther¬ 
mal  resistance  for  this  type  of  interface  can  be  of  the  order  R"n(  55=5  0.02°C/(W/cit/  )!  Therefore, 
a  silicon  1C  chip  could  be  attached  to  a  microchannel  heat  sink  made  of  copper,  and  the  overall 
thermal  resistance  could  be  lower  than  if  the  microchannel  heat  sink  had  been  fabricated  directly 
in  the  back  of  the  1C  chip! 

Figure  4-9  presents  the  thermal  and  fluid  performance  results  for  a  comparison  of  three  liq¬ 
uid  coolants.  The  solid  curve  is  for  the  usual  water-cooled  reference  case.  The  dashed  curve  is  for 
freon  (CCI2F2),  and  the  dotted  curve  is  for  FC-77  (3M  Company).  As  expected,  using  water  as 
the  coolant  provides  superior  thermal  performance.  The  pumping  power  requirements  are  essen¬ 
tially  the  same  for  all  three  coolants.  Freon  and  FC-77  may  be  preferable  to  water  because  of 
possible  contamination  of  the  chip  due  to  impurities  in  the  water.  (Freon  and  FC-77  are  com¬ 
monly  used  in  pool  boiling  cooling  of  electronics  where  the  coolant  is  in  direct  contact  with  the 


t  Note  that  single  precision  calculations  are  used  by  MICROHEX.  Numerical  round-off  errors  do 
appear  on  occasion  for  relatively  large  channel  widths  (say  wc  >  400  /xm).  The  errors  can  usually 
be  eliminated  with  an  appropriate  selection  of  WCSTAR  and  WCINCR. 
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Figure  4-7  Thermal  resisiance  and  pumping  power  vs  channel  w  idth  for  the  reference  case 
w  ith  several  coolant  velocity  constraints. 
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- REFERENCE  CASE  RESULTS  (see  Figure  4  4) 

EXCEPT  AS  INDICATED,  THE  FOLLOWING  CURVES 
HAVE  INPUTS  THAT  ARE  IDENTICAL  TO  THE 
REFERENCE  CASE 

. HEAT  SINK  MATERIAL  IS  INDIUM  PHOSPHIDE 

- HEAT  SINK  MATERIAL  IS  GALLIUM  ARSENIDE 

- - -  HEAT  SINK  MATERIAL  IS  ALUMINUM 

- HE  A  T  SINK  MA  TER/AL  IS  COPPER 


Figure  4-8.  Thermal  resistance  and  pumping  power  vs  channel  width  for  the  reference  case 
with  several  he  at -sink  materials. 
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- REFERENCE  CASE  RESULTS  ( see  Figure  4  4) 

EXCEPT  AS  INDICATED.  THE  FOLLOWING  CURVES 
HAVE  INPUTS  THAT  ARE  IDENTICAL  TO  THE 
REFERENCE  CASE 

. COOLANT  IS  FC-77  (3M  Company) 

- -  COOLANT  IS  FREON  (CCf/d 


Figure  4-9.  Thermal  resistance  ami  pumping  pow  er  vs  channel  w  idth  for  the  reference  case 
w  ith  several  liquid  coolants. 
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IC.)  The  superior  thermal  performance  of  water  is  another  good  reason  to  make  the  heat  sink  as 
a  cold  plate  and  mate  it  with  the  chip  with  a  low-thermal-resistance  interface.  As  an  aside,  the 
reader  should  notice  some  “waviness”  in  the  FC-77  thermal  resistance  for  x*  <  0.005  (to  the  right 
of  the  downward  pointing  triangle).  This  effect  is  due  to  numerical  errors  in  obtaining  the  Nus- 
selt  number  via  linear  extrapolation  for  x*  <0.005.  This  error,  though,  is  barely  perceptible. 

Figure  4-10  presents  the  thermal  and  fluid  performance  for  a  comparison  of  various  inlet 
coolant  temperatures.  The  thermal  resistance  is  reduced  when  the  coolant  temperature  is 
increased.  This  effect  is  due  to  a  reduction  in  the  coolant  dynamic  viscosity  and  a  larger  coolant 
thermal  conductivity.  Note  that  Rj'()1  decreases  even  though  the  silicon  thermal  conductivity 
decreases. 

Increasing  the  inlet  coolant  temperature  to  get  lower  R['ot  can  be  misleading  since  the  ulti¬ 
mate  concern  usually  is  the  peak  surface  temperature  of  the  chip.  For  small  heating  rates, 
increasing  the  coolant  temperature  will  result  in  higher  surface  temperatures.  For  large  heating 
rates,  increasing  the  coolant  temperature  may  prove  to  reduce  the  surface  temperatures.  The 
requirement  to  be  met  is  that 


(4.22) 


which  is  equivalent  to 


M  ^lol)cold  ^  +  4  ^tot)hol 


(4.23) 


or  that 


ATfJn  +  q"ARJ'ot  <  0 


(4.24) 


where  the  subscripts  hot  and  cold  represent  respectively  the  hot  and  cold  inlet  coolant  tempera¬ 


tures^  The  reader  should  note,  though,  that  there  is  a  slight  increase  in  the  pumping  power  for 


the  higher  inlet  coolant  temperatures.  This  is  due  to  the  higher  mass  flow  rate  associated  with  the 
reduction  in  the  coolant  viscosity  (at  the  same  AP). 

Figure  4-11  presents  the  thermal  and  fluid  performance  predictions  for  comparison  on  var¬ 
ious  heating  rates.  Several  notable  things  happen  as  the  heat  input  per  unit  surface  area  is 
increased.  For  the  small  channel  widths,  the  flow  rate  is  so  small  that  the  liquid  turns  to  a  gas 
before  reaching  the  channel  exit  these  solutions  have  been  discarded.  The  total  thermal  resist¬ 
ance  is  reduced  with  increasing  q"  for  the  small  channel  widths  where  the  coolant  does  not  boil 
before  reaching  the  channel  exit.  This  effect  is  mostly  due  to  the  reduction  in  the  coolant 
dynamic  viscosity,  which  is  the  reason  why  the  coolant  pumping  power  increases  with  the  surface 
heating  rate. 

For  moderate  channel  widths,  the  total  thermal  resistance  increases  slightly  due  to  the 
reduced  substrate  thermal  conductivity  and  the  higher  average  coolant  viscosity.  The  turbulent 


t  Ignores  the  change  in  the  viscous  heating  coolant  temperature  rise. 
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Figure  4- 10.  Thermal  resistance  and  pumping  power  vs  channel  width  for  the  reference  case 
with  several  inlet  coolant  temperatures 
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-  REFERENCE  CASE  RESULTS  (see  Figure  4  4) 

EXCEPT  AS  INDICATED.  THE  FOLLOWING  CURVES 
HAVE  INPUTS  THAT  ARE  IDENTICAL  TO  THE 
REFERENCE  CASE 

.  q"  -100  W/cm 2 

-  q"  -  300  W/cm 4 

•  —  q"  =  500  W/cm2 


Figure  4-11.  Thermal  resistance  and  pumping  power  \s  channel  w  idth  for  the  reference  case 
w  ith  several  surface  heating  rates. 


115 


PUMPING  POWER  (W/cm2)  TOTAL  THERMAL  RESISTANCE  [°C/(W/cm2}] 


Figure  4-12.  Thermal  resistance  and  pumping  power  vs  channel  w  idth  for  the  reference  case 
with  several  channel  lengths. 
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flow  results  do  not  show  a  large  change  in  the  thermal  resistance.  The  trend  toward  higher  RJ'ot 
at  large  channel  widths  is  due  to  reduced  substrate  thermal  conductivity  and  increased  average 
coolant  viscosity.  It  is  interesting  to  note  that  as  the  heating  rate  increases,  the  transition  Rey¬ 
nolds  number  criterion  (see  Tabic  2-1)  is  satisfied  for  larger  channel  widths  in  laminar  flow,  and 
for  smaller  channel  widths  for  turbulent  flow.  This  results  in  “dual”  solutions  in  that  both 
laminar  and  turbulent  flow  designs  exist  for  the  same  channel  widths.  This  is  probably  not  a 
desirable  design  channel  width  because  the  flow  might  alternate  being  sometimes  laminar  and 
sometimes  turbulent.  This  in  turn  could  cause  fairly  large  periodic  swings  in  the  chip  tempera¬ 
tures,  which  could  result  in  timing  and  reliability  problems  for  IC  chips. 

Figure  4-12  presents  the  thermal  and  fluid  performance  predictions  for  a  comparison  of  var¬ 
ious  channel  lengths.  As  expected,  the  shorter  channels  have  lower  thermal  resistance,  but  larger 
pumping  power  requirements.  It  is  interesting  to  note  that  the  thermal  performance  for  the  very 
long  channels  is  still  very  good.  This  implies  that  an  entire  circuit  board  could  quite  conceivably 
be  used  as  a  microchannel  heat  sink. 

Figure  4-13  presents  the  thermal  and  fluid  performance  predictions  for  a  comparison  of  var¬ 
ious  ratios  of  the  fin  thickness  and  the  channel  width.  It  is  clear  that  there  is  an  optimum  ww/wc 
ratio,  which  appears  to  increase  in  magnitude  as  the  channel  width  is  increased.  If  this  ratio  is 
too  small,  then  the  fin  thermal  resistance  will  be  high.  Conversely,  if  this  ratio  is  too  large,  then 
R’bulk  high.  The  trends  are  the  same  for  laminar  and  turbulent  flow.  Note  that  the  pump¬ 

ing  power  decreases  proportional  to  increases  in  the  ww/wc  ratio  because  there  are  fewer  channels 
per  unit  width  of  the  chip.  Note  also  that  the  ww/wc=  1.5  curve  terminates  for  turbulent  flow  at 
large  channel  widths  since  the  fin  criterion  is  violated. 

Figure  4-14  presents  the  thermal  and  fluid  performance  predictions  for  a  comparison  of  the 
constant  aspect  ratio  reference  case  design  and  several  fixed  fin  height  designs.  The  constant  fin 
height  designs  show'  an  obvious  optimum  in  the  thermal  performance.  As  expected,  the  thermal 
and  fluid  performance  of  the  fixed  fin  height  designs  is  identical  to  the  reference  case  when  the 
channel  aspect  ratios  are  identical.  The  reader  will  notice  a  “zig-zag”  in  the  thermal  and  fluid 
performance  curves  for  the  fixed  channel  height  designs  when  the  channel  aspect  ratio  passes 
through  a  =  10.0.  This  effect  is  due  to  the  previously  mentioned  error  in  assuming  that  the  fric¬ 
tion  factor  and  Nusselt  number  for  flow  between  infinite  parallel  plates  can  be  used  to  model 
a>  10.0.  Note  that  the  thermal  and  fluid  performance  of  the  constant  fin  height  designs  was  not 
computed  for  a  <  1.0. 

Figure  4-15  presents  the  thermal  and  fluid  performance  predictions  for  a  comparison  of  var¬ 
ious  thicknesses  of  the  solid  material  between  the  heat  source  and  the  fin  base  and  channel  base 
plane.  As  expected,  the  Rj'ol  increases  as  the  material  thickness  increases.  Generally  speaking,  at 
least  ~  1 00  jum  of  solid  material  is  required  to  withstand  manufacturing  handling  as  well  as  the 
coolant  pressure. 

Figure  4-16  presents  the  thermal  and  fluid  performance  predictions  for  a  comparison  of 
large-,  moderate-,  and  small-aspect-ratio  channels.  The  large-  and  moderate-aspect-ratio  channel 
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— —  REFERENCE  CASE  RESULTS  ( see  Figure  4  4) 

EXCEPT  AS  INDICATED.  THE  FOLLOWING  CURVES 
HAVE  INPUTS  THAT  ARE  IDENTICAL  TO  THE 
REFERENCE  CASE 
. .  wv/wc  -  01 

—  —  —  —  —  wvv/wc  =  0.5 
wy/wc-  1  5 


Figure  4-13  Thermal  resistance  and  pumping  power  vs  channel  width  for  the  reference  case 
with  several  values  of  the  fin  thickness  to  channel  width  ratio . 
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Figure  4-1  4.  Thermal  resistance  and  pumping  pow  er  vs  channel  width  for  the  reference  case 
with  several  constant  fin  heights. 
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Figure  4-15.  Thermal  resistance  and  pumping  pow  er  vs  channel  w  idth  for  the  reference  case 
w  ith  several  solid  substrate  thicknesses. 
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—  REFERENCE  CASE  RE  SUL  TS  (see  Figure  4  4) 
EXCEPT  AS  INDICATED,  THE  FOLLOWING  CURVES 
HAVE  INPUTS  THAT  ARE  IDENTICAL  TO  THE 
REFERENCE  CASE 

. OC  -  10  01  (large-aspect  ratio  channels ) 

—  OL  =0.099  (smaf/aspect-ratio  channels) 

■••••  OC  =  1.0  (moderate  aspect- ratio  channels) 

— — —  OC  =  0.5  (moderate-aspect-ratio  channels) 


100  200  300 

CHANNEL  WIDTH  (^m) 
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Figure  4-/6  Thermal  resistance  and  pumping  power  vs  channel  w  idth  for  the  reference  case 
w  ith  several  channel  aspect  ratios. 
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Figure  4-17  Thermal  resistance  and  pumping  pow  er  vs  channel  width  for  the  reference  case 
with  and  without  entrance  and  exit  losses. 
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results  were  previously  discussed  in  conjunction  with  Figure  4-6.  The  main  point  to  notice  here  is 
that  the  small-aspect-ratio  channel  design  has  poor  thermal  performance  for  the  range  of  channel 
widths  shown.  The  thermal  performance  for  larger  channel  widths  does  continue  to  improve,  but 
the  coolant  pressure  induced  stress  may  become  too  excessive  to  make  small-aspect-ratio  channel 
designs  viable.  Because  of  this,  small-aspect-ratio  channel  designs  probably  will  not  be  used 
much.  The  pumping  power  requirements  for  the  small-aspect-ratio  channel  designs  are  small  and 
fall  below'  the  bottom  of  the  pumping  power  plot. 

Figure  4-17  presents  the  thermal  and  fluid  performance  predictions  for  a  comparison  of  inlet 
and  exit  pressure  losses  on  the  overall  pressure  drop.  As  expected,  the  predicted  thermal  resist¬ 
ance  increases  when  Kc,  Ke,  and  K90  are  included  in  the  overall  pressure  drop  Note  that  their 
effect  is  larger  for  turbulent  flow'  than  for  laminar  flow.  Note  also  that  the  turbulent  thermal  per¬ 
formance  is  still  better  than  that  for  laminar  flow. 

Figure  4-18  presents  the  thermal  and  fluid  performance  predictions  for  a  comparison  of 
smooth,  and  repeated-rib-roughened  channels.  The  coolant  flow  rate  is  70  (cm^/s)/cm2  and 
a  -  10.01.  The  roughened  channel  designs  have  better  thermal  performance.  The  only  question 
now  is  whether  the  roughened  channels  can  be  manufactured  in  the  small  dimensional  sizes 
implicated  for  microchannel  heat  sinks. 

The  reader  should  note  that  some  roughened  designs  are  predicted  by  MICROHEX  to 
require  less  pumping  power  than  for  comparable  smooth  surface  designs.  This  is  an  erroneous 
prediction  since  an  “apples  and  oranges”  comparison  is  made  with  respect  to  the  friction  factors 
for  large  channel  widths.  The  roughened  designs  assumed  that  the  flow  was  fully  developed,  and 
entrance  region  effects  on  the  apparent  friction  factor  were  not  included.  The  smooth  channel 
designs  include  the  entrance  effects.  If  the  entrance  effects  are  ignored  for  both  surface  character¬ 
istics  (i.e.,  if  the  channels  are  very  long),  then  the  pumping  power  requirement  for  smooth  chan¬ 
nels  is  indeed  smaller. 

4.6  USE  OF  COMPENSATION  HEATERS 

Thermal  spreading  at  the  edge  of  an  1C  heat  source  can  cause  significant  variation  in 
temperature  across  an  IC.  This  nonuniformity  in  temperature  can  lead  to  reliability  problems 
owing  to  thermal  stress  caused  by  differential  thermal  expansion  across  the  IC.  Timing  problems 
may  also  arise  because  the  path  lengths  between  devices  will  change  due  to  differential  thermal 
expansion.  If  the  IC  temperature  is  more  uniform,  these  problems  can  be  virtually  eliminated. 

Several  techniques  can  be  used  to  make  the  IC  temperature  more  uniform.  The  two  most 
important  techniques  related  to  microchannel  heat  sinks  are:  (a)  to  keep  the  coolant  bulk  temper¬ 
ature  rise  as  small  as  possible  and  (b)  to  use  “compensation  heaters.”  The  coolant  bulk  tempera¬ 
ture  rise  can  be  reduced  by  increasing  the  coolant  flow  rate  per  unit  surface  area  V".  This  can  be 
achieved  by  increasing  the  coolant  pressure  drop  for  a  specified  channel  width,  and  by  increasing 
the  channel  width  for  a  specified  coolant  pressure  drop.  The  effect  of  thermal  spreading  at  the 
heater  perimeter  can  still  be  a  serious  problem  even  if  the  coolant  flow  is  large. 
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PUMPING  POWER  (W/cm2)  TOTAL  THERMAL  RESISTANCE  [°C/(W/cm2)] 


Figure  4-  / 8.  Thermal  resistance  and  pumping  power  vs  channel  w  idth  for  the  reference  case 
with  smooth  and  repeated-rib-roughened  surfaces. 
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As  shown  in  Figure  4-19,  if  an  1C  is  surrounded  by  a  heater  with  the  same  heating  rate  q", 
then  the  zone  of  thermal  spreading  can  be  displaced  outward  from  the  K  .  The  heater  which  sur¬ 
rounds  the  1C  heat  source  is  called  a  “compensation  heater”  because  it  compensates  for  thermal 
spreading  at  the  1C  heat  source  perimeter.  This  author  is  not  aware  of  other  applications  in 
microelectronics  where  this  method  has  been  used  at  the  chip  level,  and  therefore  the  concept  of 
a  “compensation  heater”  is  considered  to  be  original. 


FLOW  DIRECTION - ► 

TRANSVERSE  TEMPERATURE  PROFILES  STREAMWISE  TEMPERATURE  PROFILES 


TEMPERATURE  PROFILE  WITH 
COMPENSATION  HEATER  TURNED  ON 


TEMPERATURE  PROFILE  WITH 
COMPENSA  TION  HE  A  TER  TURNED  OFF 


Figure  4-19.  Compensation  healer  concept. 
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THE  FOLLOWING  CURVES  HAVE  INPUTS  IDENTICAL  TO  THE  REFERENCE  CASE 
(wc-  300  fJLm)  EXCEPT  THAT  A  DEVELOPING  TURBULENT  NUSSELT 
NUMBER  IS  USED 


- COMPENSATION  HEATER  ON,  RESULTS  ALONG  THE  TRANSVERSE  1C  CENTER 

- —  COMPENSATION  HEATER  ON  RESULTS  ALONG  THE  TRANSVERSE  1C  EDGE 

. COMPENSATION  HEATER  OFF RESULTS  ALONG  THE  TRANSVERSE  1C  CENTER 

- COMPENSATION  HEATER  OFF,  RESULTS  ALONG  THE  TRANSVERSE  1C  EDGE 


Figure  4-20.  Thermal  resistance  as  a  function  of  distance  from  the  upstream  heater  edge 
with  and  without  a  compensation  heater  energized  for  the  reference  case  channel  width 
of  300  pm. 
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The  simplified  one-dimensional  thermal  spreading  models  at  the  heater  perimeter  presented 
in  Section  3.4  can  be  used  to  size  the  minimum  width  of  compensation  heaters.  Consider,  for 
example,  the  reference  case  discussed  in  Section  4.5.2  with  a  channel  width  wc  =  300  ^m  (turbu¬ 
lent  flow).  The  average  Nusselt  number  along  the  channel  length  is  about  Nu  50,  when  the 
effect  of  developing  flow  is  included.  The  thermal  spreading  diffusion  length  in  the  streamwise 
direction  is  therefore  Ld  ~  625  jum,  and  in  the  transverse  direction  Ld  ~  235  jiim  [see  Equations 
(3.19)  and  (3.20)].  The  compensation  heater  can  be  sized  such  that  there  is  no  more  than  a  one- 
percent  reduction  in  the  total  thermal  resistance  at  the  edge  of  an  1C  (corresponds  to  a  heater 
width  of  4.8Ld).  Therefore,  the  compensation  heater  width,  in  the  streamwise  direction  is  Zs  ~ 
3000  ^um,  and  in  the  transverse  direction  Zt  ~  1 1 25  /im. 

Figure  4-20  represents  the  thermal  performance  prediction  obtained  by  MICROHEX  for  a 
comparison  of  the  IC  with  and  without  the  “compensation  heater”  energized.  The  dotted  and 
solid-dot  curves  are  for  the  1C  without  the  “compensation  heater”  energized,  and  the  solid  and 
dashed  curves  are  for  both  the  1C  and  the  “compensation  heater”  energized.  The  solid  and  dotted 
curves  are  for  the  center  of  the  1C  in  the  streamwise  direction.  The  dashed  and  solid-dot  curves 
are  for  the  edge  of  the  1C  in  the  streamwise  direction.  Note  that  the  effect  of  the  two- 
dimensional  heat  transfer  near  the  corners  of  the  1C  and  the  “compensation  heater”  has  been 
crudely  modeled  by  superimposing  the  one-dimensional  models  for  the  two  directions.  This  is  a 
serious  simplification  of  the  actual  heat  transfer,  but  useful  conclusions  can  still  be  drawn. 

From  Figure  4-20,  it  is  apparent  that  the  thermal  resistance  over  the  region  of  the  IC  heat 
source  is  much  more  uniform  when  the  “compensation  heater”  is  energized.  The  average  total 
thermal  resistance,  though,  is  somewhat  larger  than  when  the  “compensation  heater”  is  off.  The 
average  thermal  resistance  is  about  R"ot  ^  0.0825  and  0.05°C/(W/cm2)  when  the  “compensation 
heater”  is  on  and  off,  respectively.  This  means  that  the  inlet  coolant  temperature  would  need  to 
be  only  about  3.0  to  3.5°C  lower  when  the  compensation  heater  is  on  (q"  =  100  W/cm^)  to  main¬ 
tain  the  same  average  surface  temperature.  In  this  example,  the  additional  power  required  for  the 
“compensation  heater”  is  2.75  times  that  of  the  1C  heat  source  (the  IC  requires  16  W  and  the 
“compensation  heater”  requires  44  W). 

This  author  will  be  the  first  to  admit  that  the  thermal  spreading  models  need  to  be  upgraded 
to  include  two-dimensional  heat  transfer  at  the  corners,  and  to  account  for  temperature  gradients 
within  the  fins  and  the  liquid  coolant.  Practical  issues  also  need  to  be  answered  on  a  case-by-case 
basis  as  to  whether  the  additional  power  requirements  are  too  excessive.  Questions  about  how  to 
make  the  electrical  connections  to  the  IC,  and  what  the  thermal  stresses  are,  need  to  be  an¬ 
swered.  Ultimately,  chip-level  reliability  testing  will  need  to  be  conducted  in  order  to  prove  if 
“compensation  heaters”  can  be  used  to  improve  chip  reliability. 

4.7  USE  OF  INTERRUPTED  FINS 

The  total  thermal  performance  of  an  interrupted-fin  design  should  be  at  least  as  good  as  that 
for  an  equivalent  continuous-fin  design.  A  scan  of  the  thermal  resistance  components  discussed  in 
Section  4.1  shows  that  for  the  same  coolant  velocity,  the  contraction  thermal  resistance  and  the 
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convective  thermal  resistance  will  change  if  interrupted  fins  are  used.  The  contraction  thermal 
resistance  can  be  obtained  from  Equation  (3.6)  (after  a  few'  substitutions  and  rearrangement),  and 
will  be  slightly  larger  in  magnitude  for  interrupted  fins.  Equation  (4.6)  can  be  used  directly  to 
obtain  the  convective  thermal  resistance  at  the  channel  exit,  which  will  be  slightly  smaller  in 
magnitude  because  the  Nusselt  number  is  larger  for  interrupted  fins.  Therefore,  the  worst-case 
thermal  resistance  (at  the  channel  exit)  should  be  lower  for  interrupted-fin  arrays. 

The  average  thermal  resistance  (between  the  channel  entrance  and  exit)  may  not  necessarily 
be  lower  for  interrupted-fin  arrays.  For  this  discussion,  it  is  assumed  that  the  differences  in  the 
contraction  thermal  resistance  are  small  and  can  be  ignored.  It  is  also  assumed  that  the  heat 
transfer  from  the  channel  base  can  be  ignored  (large -aspect-ratio  channels),  that  there  is  negligible 
heat  transfer  from  the  additional  “channel  base”  area  created  by  the  gap  between  interrupted  fins 
in  the  streamwise  direction,  and  that  there  is  negligible  heat  transfer  from  the  leading  and  trailing 
ends  of  each  interrupted  fin  If  the  average  thermal  resistance  of  interrupted-fin  arrays  is  to  be 
competitive  with  continuous-fin  arrays,  it  is  required  that  R"onv interrupted  ^  ^conv,continuous- 

Using  this  criterion  and  substituting  Across  =  n(L  +  S)  (ww  +  wc),  Abf  =  n(L  +  S)  ww  for 
continuous-fin  arrays,  and  Abf  =  nLww  for  interrupted-fin  arrays  (where  n  is  the  number  of  inter¬ 
rupted  fins  in  the  length  Lex)  into  Equation  (4.5)  and  rearranging  gives 

(NsUm7?f)mterrupted  ^L+S  (4  25) 

(Nu  m^lOcontinuous  ^ 

Since  the  fin  efficiency  decreases  with  increasing  Nusselt  number,  the  ratio  of  the  interrupted-fin 
and  continuous-fin  mean  Nusselt  numbers  must  be  larger  than  (L  +  S)/L  55=5  1.5  (based  on  design 
criterion  No.  1  in  Section  2.8).  In  fact,  the  interrupted-fin  mean  Nusselt  number  must  be  about 
twice  as  large  as  that  for  continuous  fins.  It  was  shown  in  Section  4.5  that  the  best  continuous- 
fin  designs  have  flows  which  generally  are  not  fully  developed,  and  therefore  already  have  rela¬ 
tively  large  mean  Nusselt  numbers.  The  mean  Nusselt  number  for  interrupted-fin  arrays  must 
therefore  be  very  large.  Such  large  increases  in  the  mean  Nusselt  number  cannot  be  easily 
obtained  by  reducing  the  fin  length  while  adhering  to  the  design  recommendations  listed  in  Sec¬ 
tion  2.8.  Instead,  an  increase  in  the  coolant  velocity  appears  to  be  necessary,  which  will  also 
increase  the  pressure  drop.  It  is  for  this  reason  that  this  author  does  not  expect  a  significant 
improvement  in  the  overall  thermal-hydraulic  performance  when  interrupted  fins  are  used. 

Instead,  it  appears  that  interrupted  fins  will  be  used  primarily  because  of  their  other  advantages. 
That  is  because  they  allow  transverse  mixing  (between  channels)  downstream  from  “hot-spots,” 
and  because  they  help  prevent  catastrophic  failure  due  to  channel  clogging. 

4.8  SECTION  SUMMARY 

To  conclude  this  section,  several  of  the  major  results  will  be  summarized. 

Six  thermal  resistance  components  for  microchannel  heat  sinks  were  identified  and  discussed. 
Overall  thermal  resistance  models  were  formulated  for  large-,  moderate-,  and  small-aspect-ratio 
channel  designs  [see  Equations  (4.11)  to  (4.13)]. 
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A  simplified  solution  performed  by  Tuckerman  and  Pease  at  Stanford  for  large -aspect-ratio 
channels  was  presented.  Their  analysis  predicts  an  "optimum”  laminar  flow  channel  width,  which 
is  supposed  to  exhibit  the  best  possible  thermal  performance  for  the  given  design  inputs.  This 
"optimum”  was  shown  to  be  an  artifact  of  the  assumption  that  the  channel  flow  was  laminar  and 
fully  developed. 

A  more  complicated  solution  procedure  was  done  for  this  work.  A  new'  computer  program 
called  MICROHEX  was  written  to  do  the  tedious  numerical  computations.  The  organization  of 
the  program  was  reviewed,  and  sample  thermal  and  fluid  performance  predictions  were  presented. 
The  numerical  results  indicate  that  turbulent  flow  can  provide  better  thermal  performance  than 
comparable  laminar  flow  designs.  The  pumping  power  requirements  are  somewhat  higher,  but  are 
still  within  practical  limits. 

The  so-called  "optimum”  channel  design  obtained  by  the  Stanford  researchers  is  considered 
to  be  instead  a  "lower  bound”  to  the  range  of  channel  widths  that  should  be  used  for  micro- 
channel  heat  sinks.  No  criterion  was  obtained  for  the  upper  bound  to  the  range  of  channel 
widths,  but  this  limit  will  probably  be  based  in  part  on  limitation  of  the  pumping  power 
requirements. 

MicroChannel  heat  sinks  can  be  made  as  a  "cold  plate”  of  high  thermal  conductivity  mate¬ 
rials,  such  as  aluminum  and  copper.  1C  chip  heat  sources  can  then  be  interfaced  to  the  heat  sink 
with  a  low-thermal-resistance  interface  such  as  the  "microcapillary  thermal  interface”  developed 
by  Tuckerman  and  Pease  at  Stanford.  The  overall  thermal  resistance  can  be  lower  than  if  the 
channels  were  fabricated  directly  in  the  back  of  the  1C  chip. 

Thermal  spreading  at  the  1C  heat  source  perimeter  can  cause  significant  nonuniformity  in 
temperature  across  an  1C  heat  source.  A  "compensation  heater”  about  the  circumference  of  the 
IC  can  be  used  to  significantly  improve  the  temperature  uniformity  across  the  1C.  More  uniform 
temperature  implies  enhanced  reliability  and  fewer  timing  problems.  Chip-level  reliability  testing 
is  required  to  verify  if  “compensation  heaters”  indeed  improve  chip  reliability. 

Interrupted  fins  probably  will  not  be  used  to  improve  the  thermal  performance  of  micro- 
channel  heat  sinks  due  to  the  large  increase  in  the  pumping  power  requirement.  Interrupted  fins 
will  instead  be  used  because  they  allow  transverse  mixing  of  coolant  (between  channels)  down¬ 
stream  from  hot  spots,  and  because  they  help  prevent  catastrophic  failure  due  to  channel 
clogging. 


129 


5.0  EXPERIMENTAL  VERIFICATION  OF  MICROCHANNEL 
HEAT-SINK  PERFORMANCE 


The  purpose  of  this  section  is  to  review  the  experimental  program  that  was  used  to  charac¬ 
terize  the  performance  of  microchannel  heat  sinks  fabricated  in  indium  phosphide  chips.  The  rea¬ 
sons  why  indium  phosphide  was  chosen  as  the  heat-sink  material  will  first  be  briefly  discussed. 
The  design  and  fabrication  of  the  test  chips  and  the  manifold  block  will  be  reviewed.  The  testing 
apparatus  and  the  data-acquisition  system  will  be  discussed.  Following  this,  there  will  be  a  dis¬ 
cussion  of  the  experimental  errors  and  the  overall  experimental  accuracy. 

5.1  PURPOSE  OF  THE  EXPERIMENTAL  INVESTIGATION 

This  study  was  initiated  to  determine  if  microchannel  heat  sinking  could  be  used  to  cool  an 
array  of  electronic  devices  constructed  in  indium  phosphide.  These  devices  are  anticipated  to  dis¬ 
sipate  on  the  order  of  100  to  300  W/cm-  continuously  over  a  large  two-dimensional  array  of 
chips  that  may  exceed  tens  of  centimeters  on  each  side. 

T  he  theoretical  predictions  indicated  “on  paper”  that  microchannel  heat  sinks  could  be 
designed  to  meet  this  high  heating  with  reasonable  surface  temperatures.  The  question  now  was 
whether  the  channels  could  be  fabricated  in  indium  phosphide.  Since  indium  phosphide  is  a  fra¬ 
gile  material  that  cleaves  easily,  it  was  also  questioned  if  the  indium  phosphide  chips  would  relia¬ 
bly  withstand  the  coolant  pressures  without  leaking.  Finally,  there  is  the  question  as  to  how 
accurately  the  theory  predicts  the  experimental  thermal  and  fluid  performance  data  (see  Sec¬ 
tion  6).  Unfortunately,  there  was  not  enough  time  to  experimentally  test  compensation  heaters, 
interrupted  fins,  and  microcapillary  thermal  interfaces. 

5.2  HEAT-SINK  FABRICATION 

This  section  reviews  how  microchannel  heat  sinks  were  made  in  indium  phosphide  chips. 

One  method  for  constructing  channels  in  aluminum  is  also  presented. 

5.2.1  Manufacturing  the  Microchannels  in  Indium  Phosphide 

The  ability  to  fabricate  the  microchannels  is  the  first  prerequisite  for  allowing  their  applica¬ 
tion.  All  the  microchannels  in  any  given  chip  must  be  nearly  identical  to  each  other  since  manu¬ 
facturing  tolerances  more  adversely  affect  the  heat  transfer  than  the  flow  friction  (see  Sec¬ 
tion  2.7).  Two  methods  were  used  in  this  study  to  fabricate  moderate-aspect-ratio  channels  in 
indium  phosphide.  These  are  precision  sawing  and  orientation-dependent  etching. 

5. 2. 1.1  Precision  Sawing 

Precision  mechanical  sawing  of  the  microchannels  can  be  done  using  conventional  semicon¬ 
ductor  dicing  saws  (such  as  the  Tempress^R>  604  used  in  this  study).  Precision  sawing  is  “rela¬ 
tively”  insensitive  to  crystal  orientation,  and  is  therefore  a  viable  fabrication  method  when  the 
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channels  must  be  oriented  in  directions  which  are  different  from  that  preferred  for  orientation- 
dependent  etching.  The  cutting  was  done  with  a  diamond-impregnated  blade  (e.g.,  Microautoma- 
tion<R>  15.361),  rotating  typically  at  25  krpm,  with  horizontal  feed  rates  of  0.02  to  0.03  cm/s.  A 
water  jet  was  used  to  continuously  bathe  and  cool  the  cutting  blade.  No  coolant  additives  were 
used  to  enhance  lubrication. 

Precision  sawing  of  microchannels  in  indium  phosphide  proved  to  be  very  time  consuming 
due  to  the  very  slow  horizontal  feed  rates  that  were  required  to  minimize  breakage  of  the  fins. 
Indium  phosphide  is  a  brittle  material  that  cleaves  very  easily.  The  indium  phosphide  wafers  used 
in  this  study  were  (100)  slices  which  cleave  into  rectangular  shapes  along  the  (011)  and  (011) 
directions.  Channel  cutting  along  those  two  directions  resulted  in  frequent  fin  breakage  when 
ww/wc  <  1.0.  Channel  cutting  at  45°  to  these  directions  resulted  in  a  significant  reduction  in 
breakage,  but  did  not  eliminate  it.  In  addition  to  fin  breakage,  the  fin  tips  showed  occasional 
chipping  that  appeared  to  be  unaffected  by  the  sawing  orientation. 

In  an  attempt  to  get  around  the  fin  breakage  problem,  it  was  hypothesized  that  larger 
ww/ww  ratios  could  be  sawn,  and  then  the  channels  could  be  widened  by  acid  etching.  It  was 
also  hypothesized  that  this  etching  could  remove  substrate  damage  created  during  the  sawing  pro¬ 
cess.  Unfortunately,  all  the  acids  tried  in  this  study  had  etching  rates  and  etching  profiles  that 
show  a  very  strong  dependence  on  the  crystal  orientation.  Therefore,  the  saw-etch  method  did 
not  work. 

It  has  been  concluded  that  precision  sawing  is  not  a  good  fabrication  method  for  indium 
phosphide  microchannel  heat  sinks.  This  is  due  to  the  slow  cutting  rates,  and  the  excessive  fin 
breakage  and  chipping.  Precision  sawing  works  well  in  other  materials  such  as  silicon  [see 
Tuckerman  (1984)].  It  will  be  shown  in  Section  5.2.5  that  microchannels  can  be  fabricated  very 
rapidly  in  aluminum  substrates,  which  shows  good  promise  for  “cold  plate”  microchannel  heat 
sinks. 


5.2.1 .2  Orientation-Dependent  Etching 

Conventional  wet  chemical  etching  was  used  in  this  study  to  fabricate  the  microchannel  heat 
sinks  for  thermal  and  fluid  performance  testing.  The  manufacturing  process  used  to  fabricate  the 
test  chip  microchannels  will  be  detailed  in  Section  5.2.4. 

The  rate  of  etching,  and  the  channel  shape,  depends  on  the  crystallographic  orientation  of 
the  chip,  and  upon  the  etchant  being  used  [see  Buchmann  and  Houghton  (1982)  and  Coldren, 
Furuya,  and  Miller  (1983)].  In  this  study,  microchannels  with  nearly  rectangular  cross  sections 
were  fabricated  in  the  (Oil)  direction  of  indium  phosphide  using  a  3:1  mixture  by  volume  of 
H3P04:HC1.  The  side  of  the  indium  phosphide  chips  that  was  to  have  the  microchannels  fabri¬ 
cated  in  it  was  first  lapped  and  then  polished  in  a  1-percent  solution  of  bromine  methanol.  The 
polished  surface  was  then  pre-etched  with  full  strength  potassium  ferricyanide  for  5  min  in  order 
to  allow  good  adhesion  of  the  3000-A-thick  layer  of  PSG  deposited  on  the  surface  (“wild”  under¬ 
cutting  occurs  when  the  mask  does  not  adhere  well).  The  PSG  is  then  patterned  and  etched  to 
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form  slots  in  the  (Oil)  direction  where  the  indium  phosphide  surface  is  exposed.  The  width  of 
the  slots,  and  the  width  of  the  PSG  between  the  slots,  depends  on  the  desired  channel  size  and 
shape  after  etching.  For  3:1  HjPO^HCl,  it  was  found  that  (a)  the  channel  depth  etching  rate  was 
on  average  about  0.62  /nm/min,  and  (b)  the  undercutting  etching  rate  was  on  average  about 
0.22  fim/nun.  This  means  that  the  largest  possible  channel  aspect  ratio  that  can  be  obtained  for 
this  etchant  is  0.62/0.22  =  2.8.  Buchmann  and  Houghton  (1982)  obtained  etching  rates  of  0.6 
fim/mm  in  the  channel  depth,  and  the  undercutting  rate  was  0.05  to  0.20  n m/min  depending  on 
the  agitation  of  the  acid.  This  suggests  that  the  channel  aspect  ratio  could  be  in  the  range  of  3  to 
12  if  less  acid  agitation  is  used. 

Figure  5-1  shows  three  views  of  indium  phosphide  chips  with  microchannels  fabricated  using 
orientation-dependent  etching.  As  can  be  seen  from  the  top  view,  this  particular  chip  has  chan¬ 
nels  which  end  before  reaching  the  edge  of  the  chip,  This  eliminates  the  need  to  seal  the  ends  of 
the  channels  as  would  normally  be  required  in  “side-fed”  channel  designs  (see  Section  1.3).  T  he 
channel  end  shape  is  shown  in  the  streamwise  view  where  the  angle  of  the  solid  material  was  typ¬ 
ically  found  to  be  35°  to  38°.  This  angle  helps  deflect  the  coolant  flow,  and  therefore  has  the 
additional  benefit  of  reducing  the  coolant  pressure  drop. 

Returning  to  the  top  view,  it  can  be  seen  that  there  is  a  “wavy”  appearance  to  the  fin  tips. 
This  effect  is  due  to  drooping  of  the  PSG  mask  caused  by  undercutting.  The  waviness  results  in 
local  changes  in  the  channel  width  that  propagate  to  the  fin  base  in  triangular  shapes  which  have 
angles  that  are  also  in  the  range  of  ±35°  to  38°  (see  streamwise  view  in  Figure  5-1).  This  wavi- 
ness  can  be  useful  if  the  flow  is  turbulent  since  it  can  act  as  a  turbulence  promoter  (a  fortuitous 
result).  The  waviness  could  be  eliminated  if  the  PSG  thickness  is  different.  Unfortunately,  there 
was  insufficient  time  to  determine  the  optimum  PSG  thickness. 

Returning  again  to  the  top  view  in  Figure  5-1,  it  can  be  seen  that  there  is  a  “granular”  tex¬ 
ture  to  the  channel  bottoms.  This  effect  is  due  to  small  triangular  mounds  (again  35°  to  38° 
sides)  which  are  formed  due  to  minute  differences  in  etching  in  the  (011)  direction  along  the 
(011)  channels.  The  size  of  these  mounds  appears  to  decrease  as  the  etching  time  is  increased. 

This  is  apparently  due  to  more  mounds  being  created  with  time.  These  mounds  also  can  be  use¬ 
ful  in  turbulent  flow  since  they  can  act  as  turbulence  promoters  (a  fortuitous  result). 

The  transverse  view  in  Figure  5-1  shows  that  the  channel  cross  sections  can  be  quite  uni¬ 
form.  Generally,  the  channel  uniformity  is  within  about  five  percent,  but  may  be  worse  if  the 
mask  slots  are  not  precisely  aligned  along  the  (011)  direction. 

5.2.2  Packaging  and  Headering 

The  three-sided  channels  in  the  indium  phosphide  chips  must  be  packaged  to  provide  coolant 
How  to  and  from  the  chip.  The  packaging  design  used  in  this  study  is  shown  in  Figure  5-2.  A 
glass  “cover  plate”  with  inlet  and  outlet  manifold  slots  cut  into  it  is  epoxied  to  the  chip.  The 
cover  plate  was  0.043-in-thick  No.  7059  glass  which  was  provided  by  Corning  Glass  of  Corning, 
New  York.  This  particular  type  of  glass  was  selected  since  it  has  a  coefficient  of  thermal  expan¬ 
sion  of  4.6  X  10_6oC'1  (0°  to  300°C),  which  is  reasonably  close  to  that  of  indium  phosphide 
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Figure  5-1.  Views  of  microchannels  fabricated  in  indium  phosphide  using  orientation-dependent 
etching  with  HjPO^:HCl  (3:1).  (a)  Top  view  (—2 10- pm- wide  channels  on  375-pm  centers ,  (b) 
streamwise  view  (b  ~ 160  pm),  and  (c)  transverse  view  (~l60-pm-w'ide  channels  on  250-pm  centers , 
a  ~~  1.0). 
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MANIFOLD 
SUBSTAGE  2 


MANIFOLD 
SUBSTAGE  1 


MANIFOLD 
SUBSTAGE  0 


Figure  5-2 .  Test  block  assembly  and  coolant  flow  path.  (See  Figure  1-4  for  a  close-up  view 
of  a  microchannel  heat  sink.) 
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(a) 


0  5  jllm 


b-  0.25  cm— 


0.001  in  ALUMINUM  WIRE 
(to  gold-plated  alumina) 

GOLD  METALLIZATION 

OF  SILICON  IMPLANTATION 
SEMI  INSULATING  InP 


RESISTOR  DEFINITION  SLOTS 


VIEW  A-A  (enlarged) 


FLOW  DIRECTION 
FOR  TRANSVERSE 
THERMAL  SPREADING 
TESTS 


0.25  cm  SQUARE  RESISTOR  (typical) 
GOLD  METALLIZATION  (typical) 

0  001  in  ALUMINUM  WIRES  (typical) 
(~15  wires/mm  of  metallization  length) 


GOLD-PLATED  ALUMINA  (typical) 

POWER  SUPPLY  WIRE  (typical) 
METALLIZATION  VOLTAGE  WIRE  (typical) 


Figure  S-J.  Test  chip  resistor  electrical  connection .  (a)  Photographs  of  a  typical  test  chip 
and  (b)  schematics . 
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79929-67 


which  is  6.17  X  lO^C1  (16°  to  63°C)  and  4.32  X  lO^C1  (63°  to  107°C).  The  manifold  slots 
in  the  glass  were  fabricated  at  2750  rpm  using  a  standard  milling  machine  and  a  0.040-in-diam. 
Amplcx<K>  No.  S-40  diamond-plated  drill. 

The  epoxy  used  in  this  study  to  attach  the  indium  phosphide  chip  to  the  cover  plate  is 
Trabond<R>  F-l  13.  This  epoxy  is  commonly  used  in  bonding  glass,  and  was  found  to  “wet”  the 
indium  phosphide  surfaces  quite  nicely.  The  epoxy  appears  to  have  good  stability  at  the  chip 
operating  temperatures  for  short  time  periods  (no  long  term  tests  were  conducted  in  this  study). 


The  epoxy  was  applied  to  the  glass  cover  plate  and  spun-down  to  a  thin  layer.  The  layer 
thickness  was  determined  using 


t 


epox 


=  const  [ 


3i> 

4o»2t 


0.5 

] 


(5.1) 


where  tepox  is  the  epoxy  thickness,  v  is  the  kinematic  viscosity,  to  is  the  rpm,  and  t  is  the  spin 
time  in  seconds.  The  constant  accounts  for  deviations  from  Newtonian  theory  and  is  about  2.25 
for  the  epoxy  used  here.  Note  that  the  epoxy  thickness  was  selected  assuming  that  the  epoxy 
under  the  fins  is  displaced  into  the  channels.  This  is  due  to  the  fact  that  since  the  epoxy  wets  the 
indium  phosphide,  a  capillary  suction  force  is  generated  which  “sucks”  the  chip  to  the  cover 
plate.  To  ensure  a  good  seal  about  the  periphery  of  the  chip,  a  controlled  amount  of  epoxy  was 
also  applied  at  the  edges  of  the  chip. 

The  cover  plate  was  attached  to  the  coolant  manifold  which  was  made  out  of  Lexan<R>. 
Five-minute  epoxy  was  used  as  the  adhesive. 


5.2.3  Resistor  Heat-Source  Fabrication 

In  order  to  test  the  thermal  performance  of  the  microchannel  heat  sinks  used  in  this  study,  it 
was  necessary  to  fabricate  large  heat  sources  in  the  chips.  The  method  used  here  was  to  fabricate 
the  resistor(s)  directly  into  the  top  surface  of  the  chips.  This  was  accomplished  by  implanting  sil¬ 
icon  ions  into  the  surface  of  semi-insulating  indium  phosphide.  The  silicon  ions  were  implanted 
such  that  the  maximum  implantation  depth  was  about  0.5  /im.  Therefore,  the  resistor(s)  could  be 
electrically  isolated  from  the  rest  of  the  chip  by  etching  grooves  into  the  chip  that  were  deeper 
than  the  maximum  implantation  depth.  Electrical  contact  to  the  chip  was  accomplished  by  piezo- 
electrically  bonding  0.001-in-diam  aluminum  wires  to  gold  contacts  at  opposite  sides  of  the  resis¬ 
tors).  The  manufacturing  process  used  to  fabricate  the  test  chip  resistors  will  be  detailed  in  Sec¬ 
tion  5.2.4. 

Figure  5-3  shows  the  resistor  heat-source  design  used  in  this  study  for  experimentation  (four- 
resistor  chips).  The  first  design  used  four  0.25-cm  square  resistors,  and  the  second  used  a  single 
1.0-cm  square  resistor.  The  four-resistor  design  was  used  specifically  to  investigate  the  thermal 
spreading  phenomenon  since  the  thermal-spreading  diffusion  length  (Ld)  can  be  on  the  order  of 
0.1  cm.  Each  resistor  can  be  turned  on/ off  independently  of  the  others. 
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TABLE  5-1 


Resistance  Values  for  Test  Chips 


Chip  No. 

Resistor  Size 

Resistor 

Resistance  (O) 

HEXlt 

0.25  cm  X  0.25  cm 

i 

24.4  t 

HEX2t 

0.25  cm  X  0.25  cm 

i 

18.1 

i 

18.87 

2 

18  47 

HEX3 

0.25  cm  X  0.25  cm 

3 

1 8.75 

4 

18.49 

1 

17.96 

HEX4 

0.25  cm  X  0.25  cm 

2 

17.91 

3 

17.94 

4 

17.84 

1 

27.1 

HEX5§n 

0  25  cm  X  0.25  cm 

2 

19.5 

3 

20.4 

4 

660.0 

1 

16.1 

HEX6§ 

0.25  cm  X  0.25  cm 

2 

16  0 

3 

16.1 

4 

16.2 

HEX7§# 

1 .0  cm  X  1  0  cm 

1 

16  9 

t  This  heat  sink  has  a  single  resistor  because  it  was  obtained  from 
a  four-resistor  chip  that  broke  during  fabrication. 

t  Total  resistance  between  gold-plated  alumina  strips. 

§  Thermal  and  fluid  performance  testing  has  not  been  conducted  on 
these  chips  at  the  publication  date  of  this  report.  They  will  be 
tested  at  a  later  date. 

11  This  chip  has  some  scratches  on  the  resistor  surfaces,  which  is 
the  reason  for  the  poor  resistance  characteristics. 

ft  The  resistor  metallizations  pulled  off  from  this  chip  at  some 
locations. 
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Each  resistor  had  an  electrical  resistance  on  the  order  of  15  to  20  Cl/D  at  room  temperature. 
This  is  comparably  much  smaller  than  the  electrical  resistivity  of  the  semi-insulating  indium  phos¬ 
phide  (iron  doped),  which  was  typically  greater  than  100,000  H-cm.  The  uniformity  of  the  heat 
dissipation  over  the  surface  of  each  individual  resistor  was  not  explicitly  determined.  Table  5-1 
lists  the  room-temperature  electrical  resistance  of  the  chips  used  for  experimentation.  The  varia¬ 
tion  of  resistance  among  all  chips  is  within  ±8.5  percent,  and  the  maximum  variation  among  the 
resistors  on  the  four-resistor  chips  is  within  ±11  percent  (resistance  data  for  HEX1  and  HEX5 
not  included).  The  effect  of  this  nonuniformity  on  the  experimental  uncertainty  is  discussed  in 
Section  5.3.3. 

5.2.4  Summary  of  Manufacturing  Process  Steps  for  Indium 
Phosphide  Chips 

The  manufacturing  process  used  to  fabricate  the  microchannel  heat-sink  test  chips  is  listed  in 
Table  5-2.  It  is  hoped  that  sufficient  detail  has  been  provided  such  that  interested  parties  may 
replicate  this  work. 

5.2.5  Manufacturing  the  Microchannels  in  Aluminum 

Using  microchannel  heat  sinks  in  the  form  of  a  cold  plate  and  mating  the  chip(s)  with  a 
low-thermal-resistance  interface  can  result  in  a  total  thermal  resistance  which  can  be  smaller  than 
if  the  microchannels  were  fabricated  directly  in  the  chip(s)  themselves  (see  Section  4.5.2).  The  use 
of  a  higher-thermal-conductivity  material  for  the  cold  plate  is  in  general  required.  Copper  and 
aluminum  are  good  candidates  for  the  cold  plate  material  since  they  have  a  thermal  conductivity 
which  is  higher  than  most  chip  materials.  This  section  briefly  describes  one  method  which  was 
used  to  fabricate  microchannels  in  aluminum.  No  attempt  was  made  to  fabricate  microchannels 
in  copper. 

A  numerically  controlled  milling  machine  (Cincinnati  Milacron<R>  Model  5VC)  was  used  to 
mill  channels  in  6061-T6  aluminum.  An  arbor  was  constructed  with  five  1.25-in-diam.,  0.010-in¬ 
thick,  Poland<R>  high-speed-steel,  jewelers’  blades  (30  teeth/in),  which  were  separated  by 
0.0095-in-thick  shim  stock.  The  arbor  rotated  at  6  krpm,  and  the  blades  were  continuously 
bathed  with  water  soluble  cutting  oil  (60:1)  to  keep  them  cool.  The  horizontal  feed  rate  was  0.5 
in/ min  and  the  cutting  depth  was  0.050  in.  The  resulting  production  rate  was  3.0  in2/ h,  which 
could  be  increased  if  more  blades  were  added  to  the  arbor. 

The  fabricated  channels  had  a  nearly  rectangular  shape  (the  channel  bottoms  were  slightly 
rounded).  The  uniformity  in  channel  cross-sectional  area  was  within  about  ±10  percent.  Most  of 
this  error  is  due  to  nonuniformity  in  the  channel  width  (blade  curf  width).  The  curf  width  unifor¬ 
mity  might  be  improved  if  the  blades  were  trimmed  as  installed  in  the  arbor  by  a  laser.  More 
work  is  needed  to  improve  the  channel  uniformity,  but  this  fabrication  method  holds  good  prom¬ 
ise  for  mass  production  of  cold  plate,  microchannel  heat  sinks. 
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TABLE  5-2 

Summary  of  Manufacturing  Process 
for  Indium  Phosphide  Test  Chips 

Process  Step 

Process  Description 

1 .  Starting  Wafers 

Obtain  0.024-in-thick  slices  (100)  of  iron-doped,  semi-insulating 
(>100,000  fl-cm)  indium  phosphide 

2.  Polish 

Lap  both  sides  of  wafers 

Polish  both  sides  of  wafers  in  1 -percent  bromine  methanol 

3.  Implantation 

Implant  Si+  ions  (1.0  X  10+15  dose  per  square  cm)  at  200°C, 

7°  tilt,  400  keV  (S1H4  gas  with  He  carrier) 

Mark  the  implanted  side  for  identification 

4.  Obtain  Test  Chip 

Cleave  off  test  chip  of  desired  size  from  wafer 

Mark  the  implanted  side  for  identification 

5  Implantation  Damage 
Repair 

Clean  chip  —  trico,  acetone,  methanol,  Dl  water/soap  spray, 

Dl  water,  methanol,  and  isopropyl  (T,A,M,W/S,W,M,I)  and  dry 

Soak  in  BHF  for  2  min 

Wash  with  Dl  water  and  dry 

Deposit  3000  A  PSG 

Anneal  at  750°C  for  10  min 

Remove  PSG  by  soaking  in  BHF  for  1  min 

Wash  with  Dl  water  and  dry 

Clean  with  AZ1 1 1 2A:DI  water  (1 :1 )  for  1 5  min 

Wash  with  Dl  water  and  dry 

6.  Crystal  Orientation 

Cleave  off  a  small  piece  from  the  test  chip 

Clean  the  small  piece  (T,A,M,W/S,W,M,I)  and  dry 

Soak  in  BHF  for  2  min 

Wash  with  Dl  water  and  dry 

Immediately  deposit  3000  A  PSG  on  the  unimplanted  side 
(channel  side)  of  the  small  piece 

Melt  several  small  drops  of  black  wax  on  the  PSG 

Etch  the  exposed  PSG  with  BHF  for  15  s 

Remove  black  wax  with  trico 

Etch  the  chip  in  pure  HCI  for  20  s 

Obtain  the  crystal  orientation  by  viewing  under  a  microscope 
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TABLE  5-2  (Continued) 

Process  Step 

Process  Description 

7.  Resistor 

Metallizations 

Clean  chip  (TAM,W/S,W,M,I)  and  dry 

Soak  in  BHF  for  1  min 

Wash  with  Dl  water  and  dry 

Deposit  3000  A  PSG 

Apply  HMDS,  1400-30  series  photoresist  at  5000  rpm  for  30  s 

Bake  at  80°C  for  25  min 

Expose  with  metallizations  contact  mask  for  7.0  s 

Develop  photoresist  with  AZ606  developer:  Dl  water  (1:7) 
for  6  0  s  or  until  fully  developed 

Bake  at  1  20°C  for  10  min 

Etch  the  exposed  PSG  with  BHF  for  15  s 

Wash  with  Dl  water  and  dry 

Evaporate  300  A  Sn  followed  by  1000  A  Au  in  e-beam  system 
at  approximately  5  X  10'?  torr 

Lift  off  photoresist  and  the  Sn-Au  over  the  photoresist  with 

AZ1 1 12A.DI  water  (1:1)  for  10  min 

Wash  with  Dl  water  and  dry 

Alloy  Sn-Au  into  InP  at  390°C  for  10  s 

Evaporate  1000  A  Au  at  approximately  1.0  X  10  ®  torr  or  lower 
Apply  HMDS,  1400-30  series  photoresist  at  5000  rpm  for  30  s 

Bake  at  80°C  for  25  mm 

Expose  with  metallizations  contact  mask  for  7.0  s 

Expose  with  chrome  mask  the  two  opposite  chip  edges  (silver 
paint  contact  locations)  for  50  s 

Develop  photoresist  with  AZ606  developer:  Dl  water  (1:7) 
for  8.0  s  or  until  fully  developed 

Bake  at  120°C  for  10  min 

Apply  silver  paint  at  the  chip  edges  to  make  contact  with  the 
plating  electrodes 

Cover  the  silver  paint  and  any  Au  areas  (other  than  the  chip 
metallizations)  with  KTFR  resist,  and  let  dry  for  20  min 

Plate  in  OROTEMP24  Au  solution  at  40°C,  60  /i A  and  slow 
stirring  for  5  min 

Remove  silver  paint  and  photoresist  with  trico  and  acetone 

Remove  evaporated  Au  (unplated)  by  blasting  with  soap  spray 

Wash  with  Dl  water  and  dry 
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TABLE  5-2  (Continued) 

Process  Step 

Process  Description 

8.  Define  Resistors 

Apply  HMDS,  1400-30  series  photoresist  at  5000  rpm  for  30  s 

Bake  at  80°C  for  25  min 

Expose  with  resistor  edge  definition  mask  for  7.0  s 

Develop  photoresist  with  AZ606  developer:  Dl  water  (1:7) 
for  6.0  s  or  unit!  fully  developed 

Bake  at  120°C  for  10  min 

Etch  the  exposed  PSG  with  BHF  for  15  s 

Wash  with  Dl  water  and  dry 

Etch  the  exposed  InP  with  pure  HCI  for  10  s 

Wash  with  Dl  water  and  dry 

Remove  photoresist  with  acetone 

Wash  with  Dl  water  and  dry 

Do  not  remove  remaining  PSG  (acts  as  electrical  insulator) 

9.  MicroChannel 

Fabrication 

Flip  chip  over 

Clean  chip  (T,A,M,W/S,W,M,I)  and  dry 

Mount  chip  with  beeswax  to  a  glass  slide  (be  sure  wax  coats 
the  entire  resistor  side  of  chip) 

Soak  in  BHF  for  3  min 

Wash  with  Dl  water  and  dry 

Demount  chip  from  glass  slide 

Mount  chip  with  beeswax  to  a  polishing  chuck  (be  sure  wax 
coats  entire  resistor  side  of  chip) 

Polish  the  surface  with  1 -percent  bromine  methanol 

Demount  chip  from  polishing  chuck 

Clean  chip  (T,A,M,W/S,W,M,I)  and  dry 

Pre-etch  the  surface  with  full-strength  potassium  ferricyanide 
for  5  min  (do  not  use  solvents  after  this  step  to  insure  good 
adhesion  of  mask) 

Wash  with  Dl  water  and  dry 

Immediately  deposit  3000  A  PSG 

Apply  HMDS,  1400-30  series  photoresist  at  5000  rpm  for  30  s 

Bake  at  80°C  for  25  min 
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TABLE  5-2  (Continued) 

Process  Step 

Process  Description 

9  MicroChannel 

Fabrication 

(Continued) 

Position  channel  slots  mask  so  that. 

(a)  Slots  are  parallel  to  the  (Oil)  direction, 

(b)  Slots  pass  underneath  the  resistor(s)  on  the  other  side 
of  the  chip,  and 

(c)  Slots  do  not  extend  beyond  the  edges  of  the  chip 

Expose  with  the  channel  slots  mask  for  7.0  s 

To  minimize  risk  of  channel  blockages  due  to  exposure 
anomalies: 

(a)  Translate  the  mask  in  the  direction  fo  the  slots 
by  about  0.05  cm,  and 

(b)  Re-expose  with  the  channel  slots  mask  for  7  0  s 

Develop  photoresist  with  AZ606  developer:  Dl  water  (1:7) 
for  8  0  s  or  until  fully  developed. 

Bake  at  120°C  for  10  min 

Etch  the  exposed  PSG  with  BHF  for  15  s 

Remove  photoresist  with  acetone 

Wash  with  Dl  water  and  dry 

Mount  chip  with  beeswax  to  glass  slide  (be  sure  wax  coats 
entire  resistor  side  of  chip  and  the  edges  of  the  chip) 

Etch  the  microchannels  in  h^PO^HCI  (3:1)  at  room  temperature 
(normally  20°C)  with  stirring  for  the  desired  amount  of  time 

Wash  with  Dl  water  and  dry 

Remove  PSG  by  soaking  in  BHF  for  15  s 

Wash  with  Dl  water  and  dry 

Demount  chip  from  glass  slide 

Clean  chip  (T,A,M,W/S,W,M,I)  and  dry 

10.  Cover  Plate 

Fabrication 

Saw  0  043-in-thick  7059  glass  to  a  2-  X  2-in  square  piece 

Mill  the  coolant  manifold  headers  through  the  glass  with  an 
Amplex^1^  S-40  drill  at  2750  rpm  (bathe  the  drill  with  water  to 
keep  it  cool) 
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TABLE  5-2  (Continued) 

Process  Step 

Process  Description 

11.  Bond  Chip  to  Cover 

Clean  glass  cover  plate  (T,A,M,W/S,W,M,I)  and  dry 

Plate 

Mix  and  degas  Tracon  F-113  epoxy 

Apply  epoxy  to  glass  slide  and  spin  down  to  the  desired 
thickness 

Position  the  chip  on  the  glass  slide 

Apply  a  controled  amount  of  epoxy  about  the  periphery 
of  the  chip 

Let  epoxy  cure  at  room  temperature  for  24  h 

12.  Bond  Cover  Plate 
to  Lexan  Manifold 

Mix  5-min  epoxy 

Block 

Apply  a  controlled  amount  of  epoxy  to  the  glass  slide 

Position  the  cover  plate  on  the  Lexan  manifold  block 

13.  Electrical  Wiring 

Cut  0.2-  X  1.0-cm  gold-plated  (0.001 -in-Au)  alumina  strips 

Attach  one  14  awg  wire  to  one  end  of  each  gold-plated 
alumina  strip 

Mix  5-min  epoxy 

Apply  epoxy  to  the  cover  plate 

Position  gold-plated  alumina  strips  on  the  cover  plate 

Let  epoxy  cure  at  room  temperature  for  24  h 

Piezoelectrically  bond  0.001  -in-diam.  aluminum  wires  between 
the  resistor  metallizations  and  their  corresponding  gold-plated 
alumina  strips 

5.3  EXPERIMENTS 

This  section  provides  an  overview  of  the  apparatus  used  to  test  the  thermal  and  fluid  perfor¬ 
mance  of  the  test  chips.  The  method  of  data  acquisition  and  reduction  will  be  reviewed,  and  esti¬ 
mates  of  the  experimental  errors  will  be  presented.  The  experimental  results  will  be  presented  in 
Section  6. 

5.3.1  Test  Apparatus 

The  test  apparatus  is  shown  schematically  in  Figure  5-4.  The  test  loop  was  constructed 
almost  entirely  of  316  stainless  steel  in  order  to  keep  corrosion  to  a  minimum.  Some  brass  pip¬ 
ing,  valves,  and  fittings  were  used  for  the  differential  pressure  transducers.  An  Oberdorfer^^ 
Chemical  Gear  Pump  (Model  2146)  was  used  for  the  circulator.  A  pressure  relief  valve  was  pro¬ 
vided  to  keep  the  coolant  pressure  below  100  psi,  which  was  the  pressure  rating  of  the  circulator. 
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Figure  5-4  Test  loop  schematic. 


This  pump  supply  pressure  limitation  resulted  in  a  maximum  coolant  pressure  drop  of  about 
70  psi  across  the  test  chips.  Since  the  circulator  was  a  positive  displacement  pump,  a  bypass  loop 
was  provided  with  a  metering  valve  to  adjust  the  bypass  flow. 

The  flow  that  continued  toward  the  test  chip  was  first  diverted  through  one  of  two  flow 
metering  sections.  The  flow  rate  was  determined  by  monitoring  the  pressure  drop  across  an 
ASME  orifice  plate.  The  pressure  drop  was  measured  using  a  Validyne<R>  differential  pressure 
transducer  (Model  P305D).  The  flow  rate  to  the  chip  was  also  adjusted  with  a  flow  metering 
valve. 

The  flow  then  passed  through  a  Balston<R>  25-/um  filter  (Model  45-G).  The  flow  then  went 
through  a  flexible  coupling  to  reach  the  manifold  block  containing  the  test  chip.  The  manifold 
block  was  shown  schematically  in  Figure  5-2.  The  coolant  pressure  drop  across  the  chip  was 
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1  MANIFOLD  ELECTRONICS  SUBSTAGE 

2  INFRARED  MICROSCOPE 

3  INFRARED  MICROSCOPE  CONTROL  UNIT 

4  CHIP  RES/STORfS)  POWER  ON/OFF  SWITCH  BOX 

5  CHIP  RES/STORfS)  POWER  SUPPLY 

6  DIFFERENTIAL  PRESSURE  TRANSDUCERS  POWER  SUPPLY 

7  C  UR  RE  NT -RES  IS  T  OR(S)- COOL  ING -FA  N  POWER  SUPPLY 

8  THERMOCOUPLE  JACK  PANEL 

9  VOLTAGE  JACK  PANEL 

10  IBM  PC  WITH  DATA  ACQUISITION  SYSTEM 

11  FLOW  FILTER 

12  ORIFICE  FLOW  METER  (typical) 

13  VALVES  FOR  ORIFICE  DIFFERENTIAL  PRESSURE  TRANSDUCER  (typical) 

14  BYPASS  LOOP  FLOW  CONTROL  VALVE 

15  GEAR  PUMP  CIRCULATOR 

16  LIQUID/ LIQUID  HEAT  EXCHANGER 

17  COOLANT  RESERVOIR  (open  loop  operation) 

18  COOLANT  FLOW -RATE  MEASUREMENT  RESERVOIR 

19  DIGITAL  SCALE 

20  ACOUSTIC  INSULATION  WALL  (shown  partially  removed) 


Figure  5-5.  MicroChannel  heat- sink  test  apparatus. 
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measured  with  another  Validyne<R>  differential  pressure  transducer.  The  temperature  rise  of  the 
coolant  across  the  chip  was  monitored  by  a  series  of  type  K  thermocouples.  Electrical  power  was 
provided  to  the  test  chip  by  a  regulated  DC  power  supply.  The  surface  temperature  of  the  chip 
was  measured  using  a  Barnes<R  infrared  microscope  (Model  RM-2A).  The  infrared  microscope 
had  an  X-Y  scanning  capability  (which  is  why  the  flexible  couplings  were  provided).  The  micro¬ 
scope  substage  position  was  monitored  using  mechanical  micrometers. 

The  test  loop  was  designed  to  be  operated  as  a  closed-loop  system,  but  was  usually  operated 
as  an  open-loop  system  in  order  to  improve  the  accuracy  of  the  coolant  flow  rate  measurements. 
The  coolant  flow  from  the  test  chip  was  therefore  either  dumped  into  a  vessel  for  flow  rate  mea¬ 
surement,  or  merged  with  the  bypass  flow.  Finally,  the  flow  passed  through  a  Young  Radiator<R>, 
shell  and  tube,  liquid-to-liquid  heat  exchanger  (Model  55F-303-H Y-2P). 

The  test  loop  was  designed  to  test  a  large  array  of  microchannel  heat-sink  test  chips.  Those 
tests  will  be  conducted  at  a  later  date.  For  those  tests,  a  pressure  regulator  and  an  expansion 
tank  will  be  added  to  the  test  loop  just  downstream  from  the  circulator. 

The  entire  test  apparatus  was  fabricated  on  a  “tee"  cart  in  order  to  allow'  ease  of  transport 
of  the  test  loop  to  various  locations  for  testing  demonstrations.  Figure  5-5  is  a  photograph  of  the 
test  apparatus  and  its  accompanying  data  acquisition  system,  which  is  on  a  separate  utility  cart. 
Figure  5-6  is  a  photograph  of  the  manifold  electronics  substage  with  a  test  chip  wired  up  for 
testing. 

5.3.2  Data  Acquisition  and  Reduction 

The  data  acquisition  and  reduction  was  performed  using  an  IBM-PC/XT  equipped  with 
PCTHERM<r>,  which  is  a  machine  language  library  of  basic-callable  subroutines  that  drive 
data-acquisition  boards.  A  BASIC  computer  program  was  written  (not  included  in  this  report), 
which  prompted  the  user  for  the  chip  micrometer  positions,  and  performed  the  data  acquisition 
when  the  user  was  ready.  The  acquired  data  were  then  processed  and  displayed  on  the  computer 
monitor.  A  hard-copy  printout  was  also  provided  for  future  reference.  All  the  sensor  wires  were 
routed  through  OMEGA<R>  jack  panels  with  rotary  selector  switches  so  that  manual  data  acqui¬ 
sition  could  be  readily  performed  as  required. 

The  coolant  flow*  rate  was  determined  two  ways.  The  primary  method  was  to  discharge  the 
coolant  flow  from  the  test  chip  into  a  vessel.  The  discharge  time  was  noted  and  the  volume  of 
coolant  was  weighed.  The  other  method  used  to  determine  the  coolant  flow  rate  was  to  measure 
the  differential  pressure  across  an  ASME  flow  orifice.  The  orifice  was  calibrated  as  installed  in 
the  apparatus.  A  0-  to  5-Vdc  signal  from  a  Validyne<R>  differential  pressure  transducer  was  used 
with  the  calibration  curve  to  indicate  the  flow  rate. 

The  pressure  drop  across  the  chip  was  measured  with  another  Validyne<R>  differential  pres¬ 
sure  transducer.  The  pressure  drop  was  measured  between  the  inlet  and  outlet  manifolds  at  the 
pressure  taps  indicated  in  Figure  5-2.  Care  was  taken  to  bleed  trapped  gas  from  the  pressure  tap 
lines  of  each  differential  pressure  transducer. 
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Figure  5-6.  Manifold  electronics  suhstage. 
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The  power  supplied  to  the  test  chip  resistor(s)  was  determined  by  measuring  the  voltage  drop 
across  the  test  chip  resistor  metallizations,  and  by  measuring  the  current-voltage-drop  across  pre¬ 
cision  resistors.  The  Dale<R'>  0.0 1  -II  precision  wirewound  resistors  (Model  LVR-3)  were  cali¬ 
brated  as  installed  in  the  manifold  electronics  substage,  where  the  voltage  drop  was  measured  for 
various  current  flow  rates  and  ambient  temperatures.  Note  that  a  small  fan  is  used  to  cool  the 
precision  resistors  in  order  to  minimize  the  effect  of  the  resistance  temperature  coefficient 

The  surface  temperature  of  the  chip  was  measured  using  a  Barncs<R>  infrared  microscope 
The  spot  size  for  radiometric  measurements  was  0.0014  in  (35  /i m).  Since  indium  phosphide  is 
fairly  transparent  in  the  near-infrared  spectrum,  the  chip  surface  was  painted  with  a  “flat  black'’ 
paint.  The  IR  microscope  was  calibrated  by  flowing  water  of  a  known  temperature  through  the 
test  chips,  and  adjusting  the  microscope  emissivity  until  the  microscope  control  unit  indicated  the 
proper  coolant  temperature  (typically,  e  ~  0.85).  The  output  voltage  signal  for  data  logging  was 
0-  to  1-Vdc  at  10  kft. 

Several  system  temperatures  are  monitored  using  type  K  thermocouples.  The  offset  for  each 
thermocouple  was  obtained  by  calibrating  them  at  0°  and  I00°C.  This  offset  was  subtracted  from 
all  subsequent  temperature  measurements.  Temperature  measurements  were  taken  for  the  ambient 
temperature,  the  precision  resistor  ambient  temperature,  the  circulator  coolant  discharge  tempera¬ 
ture,  and  the  heat  exchanger  shell  side  and  tube  side  inlets  and  outlets.  One  thermocouple  was 
used  to  monitor  the  temperature  of  the  coolant  in  the  inlet  manifold,  and  another  in  the  exit 
manifold.  In  addition,  two  thermocouples  were  installed  and  encapsulated  in  a  Swagelok<R>  fit¬ 
ting  in  the  inlet  and  exit  eoolant  supply  lines  (about  6  in  from  the  test  ehip).  The  three  inlet  and 
three  exit  coolant  temperatures  agreed  well  (within  0.2°C)  upon  insulating  the  stainless-steel  tub¬ 
ing  between  the  manifold  block  and  the  thermocouple  Swagelok  fittings. 

The  remaining  testing  parameters  that  need  to  be  determined  are  the  microchannel  heat-sink 
dimensions.  The  dimensions  (t,  b,  L,  w^,  wc,  and  the  number  of  channels)  were  evaluated  either 
during  chip  fabrication  and/or  during  a  postmortem  examination. 

5.3.3  Experimental  Errors 

The  experimental  errors  for  the  testing  program  include  the  inherent  error  in  the  measure¬ 
ment  devices,  errors  in  the  instrumentation  calibration,  and  systematic  effects  which  change  the 
magnitude  of  the  quantity  to  be  measured.  The  most  common  systematic  errors  arc  due  to  heat- 
transfer  related  issues. 

The  most  significant  systematic  error  is  the  dissipated  power  in  the  chip  that  does  not  show 
up  as  eoolant  enthalpy  rise.  Convection  heat  transfer  to  the  ambient  air  from  the  chip  is  very 
small  owing  to  the  liquid-coolant  heat-transfer  coefficient  being  about  three  orders-of-magnitude 
larger.  Convection  heat  transfer  from  the  Lexan<R>  manifold  block  and  the  stainless-steel  piping 
is  also  small.  Radiation  heat  transfer  from  the  chip  is  also  small.  The  accuracy  in  determining 
the  coolant  temperature  rise  across  the  chip  was  found  to  be  about  ±0.2° C;  provided  that 
steady-state  thermal  response  had  been  achieved.  All  other  thermocouple  readings  were  accurate 
to  within  about  ±0. 1°C. 
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The  accuracy  in  determining  the  chip  surface  temperature  depends  on  the  accuracy  of  the 
infrared  microscope,  and  on  the  uniformity  of  the  chip  surface  emissivity.  The  indium  phosphide 
chips  were  coated  with  a  “flat  black”  paint  which  had  a  nominal  emissivity  of  about  0.85.  The 
paint  emissivity  was  found  to  be  very  uniform  across  the  chips.  Therefore,  the  accuracy  of  the 
chip  surface  temperature  measurements  should  be  within  the  stated  accuracy  of  the  infrared  mi¬ 
croscope  which  was  better  than  ±0.5° C. 

The  error  in  determining  the  power  dissipated  by  the  test  chip  resistors  is  given  by  the  accu¬ 
racy  of  the  voltage  drop  across  the  chip  resistor(s)  and  the  voltage  drop  across  the  precision  re¬ 
sistors  for  current  flow.  The  accuracy  of  both  measurements  is  about  ±0.1  percent. 

The  uniformity  of  the  power  dissipation  over  each  test  chip  resistor  will  be  affected  by  the 
uniformity  of  the  electrical  resistance.  It  was  shown  in  Section  5.2.3  that  the  resistor-to-resistor 
resistance  uniformity  was  within  ±1.1  percent.  This  variance  will  result  in  an  experimental  ther¬ 
mal  resistance  which  is  too  high  by  +1.1  percent.  The  heat  dissipation  at  the  test  chip  resistors  is 
assumed  to  occur  uniformly  over  the  entire  resistor  area,  which  includes  the  resistor  area  directly 
underneath  the  gold  metallizations.  This  assumption  will  result  in  an  experimental  thermal  resist¬ 
ance  which  can  be  high  by  as  much  as  5.0  percent. 

The  total  coolant  flow  rate  measurements  were  accurate  to  within  about  ±0.2  percent  when 
the  “bucket  and  stopwatch”  method  was  used.  The  accuracy  was  within  about  ±5.0  percent  when 
the  pressure  drop  across  the  flow  orifices  was  used  to  determine  the  flow  (in  comparison  to  the 
flow  rate  determined  by  the  “bucket  and  stopwatch”  method). 

The  distribution  of  the  coolant  underneath  the  test  chip  heater  resistors  will  be  higher  than 
the  unheated  portions  of  the  chip  due  to  the  lower  coolant  viscosity  at  the  heated  regions.  If  it  is 
assumed  that  the  coolant  flow  rate  per  unit  surface  area  under  the  unheated  portions  remains 
unchanged,  then  the  flow  rate  under  the  resistors  is  approximately  given  by 

W 

^heated  “  ^hot  “  ^cold  ^  7  T-  (5.2) 

n(ww  +  wc) 

where  Seated  ls  A°w  rate  under  the  heaters,  fhol  is  the  measured  flow  rate  for  the  entire  heat 
sink  when  the  chip  power  is  turned  on,  fcold  is  the  flow  rate  when  the  chip  power  is  turned  off, 

W  is  the  transverse  width  of  the  heater,  and  n  is  the  total  number  of  coolant  channels. 

The  accuracy  in  determining  the  channel  geometry  values  is  estimated  to  be:  t  ±  5  /xm, 
b  ±  5  /xm,  L  ±  25  /xm,  ww  ±  2  /xm,  and  wc  ±  2  /xm.  Note  that  there  is  no  error  in  the  number  of 
coolant  channels.  No  problems  were  noted  due  to  channel  clogging  and  erosion  during  the  test¬ 
ing.  Some  problems  were  caused  by  the  epoxy  used  to  bond  the  chip  to  the  cover  plate.  The 
most  serious  problem  was  epoxy-plugged  channels.  This  problem  made  it  difficult  to  predict  the 
thermal  performance  of  the  affected  test  chips  (see  Section  6).  Note  that  the  spun-down  epoxy 
thickness  (tepox)  multiplied  by  (ww  +  ww)/wc,  was  subtracted  from  the  channel  height  (b)  in  order 
to  account  for  the  reduction  in  channel  cross-sectional  area. 
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5.4  SECTION  SUMMARY 


To  conclude  this  section,  some  major  results  will  be  summarized. 

This  experimental  program  was  initiated  to  see  if  microchannel  heat  sinks  could  be  fabri¬ 
cated  in  indium  phosphide  chips.  The  orientation-dependent  etching  method  of  fabrication  was 
successfully  used.  Precision  sawing  was  time  consuming  and  resulted  in  occasional  fin  breakage. 
The  manufacturing  process  used  to  fabricate  the  indium  phosphide  test  chips  is  summarized  by 
Table  5-2.  A  promising  fabrication  method  for  aluminum  “cold  plate"  microchannel  heat  sinks 
was  also  introduced. 

The  apparatus  used  to  test  the  thermal  and  fluid  performance  of  the  microchannel  heat-sink 
test  chips  was  described.  The  experimental  errors  were  discussed,  and  are  used  in  the  next  section 
to  establish  overall  uncertainty  predictions  in  the  thermal  and  fluid  performance  of  the  test  chips. 
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6.0  COMPARISON  OF  ANALYTICAL 
AND  EXPERIMENTAL  RESULTS 


The  purpose  of  this  section  is  to  present  thermal  and  fluid  performance  data,  and  to 
compare  that  data  with  the  performance  predicted  by  the  MICROHEX  computer  program.  The 
geometry  of  the  microchannel  heat-sink  test  chips  will  be  described  first.  Fluid  performance 
results,  and  thermal  performance  results,  will  be  presented  and  compared  with  theory.  The  sec¬ 
tion  concludes  with  an  overview  of  the  modes  of  failure  for  the  chips  tested  in  this  study. 

6.1  HEAT-SINK  GEOMETRY 

This  author  is  currently  aware  of  only  two  other  research  teams  that  have  published  infor¬ 
mation  about  microchannel  heat  sinks  in  the  open  literature.  The  original  work  was  done  by 
Tuckerman  and  Pease  at  Stanford  University,  Stanford,  California.  Their  work  concentrated  on 
silicon  microchannel  heat  sinks  with  moderate-aspect-ratio  channels  and  small  channel  widths. 

The  typical  dimensions  of  their  heat  sinks  were:  wc  50  ^m,  ww  ~  40  to  45  ^m,  t  ~  100  to 
200  fim ,  b  ~  300  to  400  fim,  L  ^  1.4  to  2.0  cm,  ws  ~  1.5  to  2.0  cm,  and  the  surface  heater  was 
1.0  cm  square.  The  Stanford  work  is  best  summarized  by  Tuckerman  ( 1 984). ^ 

Additional  work  on  microchannel  heat  sinks  was  done  by  Kishimoto,  Ohsaki,  and  Sasaki  at 
Nippon  Telegraph  and  Telephone  Corporation  (NTT),  Tokyo,  Japan.  Their  work  concentrated 
on  alumina  and  silicon  microchannel  heat  sinks  with  moderate-aspect-ratio  channels,  much  larger 
channel  widths,  and  very  low  coolant  pressure  drop  (AP  <  5  psi).  One  of  their  designs  had 
wc  =  800  jum,  b  =  400  jjl m,  and  L  ~  10.0  cm.  Another  set  of  designs  had  a  constant  fin  height  of 
b  =  900  /jm,  with  several  different  channel  widths  [wc  =  70,  140,  340  fir n,  and  20  mm  (no  fins)]. 
The  NTT  work  is  discussed  in  Sasaki  and  Kishimoto  (1986),  and  Kishimoto  and  Ohsaki  (1986). 

This  author  is  aware  of  some  other  microchannel  heat-sink  work  being  done  for  the  United 
States  Department  of  Defense,  and  by  many  computer  companies.  This  author  is  prevented  from 
discussing  their  work  because  of  restricted  distribution  and  proprietary  concerns. 

The  geometry  of  the  indium  phosphide  test  chips  used  in  this  study  is  presented  in  Table  6-1. 
The  plenum  geometry  is  also  included  in  that  table.  All  chip  measurements  were  made  by  view¬ 
ing  the  microchannel  heat-sink  chips  under  a  high-power  microscope  equipped  with  a  calibrated 
reticle.  All  plenum  measurements  were  done  with  a  dial  caliper. 

The  number  of  open  and  clogged  channels  was  obtained  by  placing  a  drop  of  water  in  one 
plenum,  and  by  observing  the  flow  of  the  water  to  the  other  plenum  (caused  by  microcapillary 


t  The  reader  should  be  aware  that  there  are  some  critical  typographical  errors  in  Tuckerman 
(1984).  This  author  was  the  first  to  discover  several  critical  errors  which  have  been  confirmed  by 
Dr.  Tuckerman.  An  addendum  sheet  is  being  prepared  by  Dr.  Tuckerman  (currently  of  Lawrence 
Livermore  National  Laboratory,  Livermore,  California).  Those  interested  in  reading  Tuckerman 
(1984)  should  make  every  effort  to  obtain  the  addendum. 
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suction).  (The  “color"  of  the  channels  with  water  in  them  is  different  than  those  without  water.) 
This  method  proved  to  be  most  useful  just  after  epoxying  the  chip  to  the  glass  cover  plate,  since 
the  chip  could  be  detached,  cleaned,  and  re-epoxied  without  damage.  Note  that  the  epoxy  used 
to  attach  the  chip  to  the  cover  plate  was  first  spun-down  to  about  a  3-/im-thick  layer.  The  spun- 
down  epoxy  tended  to  build  up  at  the  plenum  slots  in  the  cover  plate.  This  phenomenon  appears 
to  be  the  reason  for  the  serious  channel  clogging  found  in  HEX1  and  HEX2.  To  solve  the  prob¬ 
lem,  the  epoxy  layer  was  then  reduced  to  <1  n m  by  scraping  the  excess  epoxy  off  the  cover  plate 
with  a  razor  blade  roughened  with  No.  600  grit  sandpaper.  This  latter  method  proved  very  suc¬ 
cessful  in  controlling  channel  clogging,  but  care  must  also  be  taken  to  clean  the  excess  epoxy 
from  the  inside  of  the  manifold  slots  in  the  glass. 

6.2  FLUID  PERFORMANCE 

The  pumping  power  required  to  operate  a  microchannel  heat  sink  is  directly  proportional  to 
the  coolant  flow  rate  and  the  associated  pressure  drop.  The  fluid  performance  of  the  microchan¬ 
nel  heat  sinks  studied  by  the  Stanford  researchers  was  relatively  straightforward  to  characterize 
[see  Tuckerman  (1984)].  Their  tested  designs  were  limited  to  laminar  flow  (Re  <  1000),  which 
was  usually  fully  developed  at  the  channel  exit.  They  found  that  the  friction-factor  Reynolds 
number  product  agreed  well  between  theory  and  data.  They  also  found  that  the  overall  entrance 
and  exit  pressure  loss  coefficient  [(Ac/Ap)2  2K9Q  +  Kc  +  Ke]  -  K  was  somewhat  higher  than 
expected  (K  should  be  about  two).  Their  end-fed  designs  (see  Figure  1-4)  had  K  555:5  3,  and  the 
side-fed  designs  had  K  55:5  4  to  5.  The  discrepancy  is  probably  due  to  deviation  from  the  ideal 
flow  patterns  assumed  for  the  calculation  of  Kc,  Ke,  and  K9Q. 

The  Stanford  researchers  have  published  limited  pressure  drop  vs  flow  rate  data  [see 
Tuckerman  and  Pease  (1981a)].  A  comparison  between  these  data  and  the  MICROHEX  compu¬ 
ter  program  was  performed  (see  Table  6-2).  The  comparison  shows  that  the  computer  program 
underpredicts  the  pressure  drop  by  as  much  as  nearly  50  percent!  It  is  conjectured  that  the  pres¬ 
sure  drops  listed  in  Tuckerman  and  Pease  (1981a)  were  corrected  and  presented  for  a  1.0-cm 
channel  length  [instead  of  the  1.4-cm  channel  length  listed  in  Tuckerman  (1984)].t  The  agreement 
will  be  much  improved  if  this  is  true.  If  it  is  not  true,  then  it  is  unclear  why  there  is  such  a  large 
difference. 

The  fluid  performance  of  the  microchannel  heat  sinks  studied  by  the  NTT  researchers  was 
not  documented  explicitly  in  their  papers.  Their  coolant  pressure  drop  was  typically  <2000  Pa 
(2.85  psi).  No  pressure  drop  vs  flow  rate  data  were  published,  so  no  comparison  can  be  made 
with  the  MICROHEX  computer  program. 

The  fluid  performance  of  the  microchannel  heat  sinks  tested  thus  far  in  this  study  is  shown 
in  Figure  6-1,  where  the  pressure  drop  is  plotted  vs  Reynolds  number.  The  uncertainty  in  the 


t  This  author  has  had  several  conversations  with  Dr.  Tuckerman,  but  the  three  heat  sinks  listed 
in  Table  6-2  were  not  discussed. 
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TABLE  6-2 

Comparison  of  Pressure  Drop  Predicted  by  the  MICROHEX 
Computer  Program  and  Experimental  Data  Obtained  by  the 
Stanford  Researchers 

CHIP  No. 

80D6 

80D19 

81  F9 

Header  Design 

End-fed 

End-fed 

End-fed 

Fabrication 

Etched 

Etched 

Etched 

L  (mm) 

14  0 

140 

14.0 

ws  (mm) 

20.0 

200 

20.0 

xs  (mm) 

30 

3.0 

3.0 

wc  (Aim) 

56  0 

55.0 

50.0 

ww  (Aim) 

44.0 

45.0 

50.0 

b  (Aim) 

320.0 

287.0 

302.0 

t  +  b  (Aim) 

533  0 

430.0 

458.0 

fheated  (cm3/s)/cm2 

4.7 

6  5 

8  6 

Measured  AP  (psi) 

150 

17.0 

31.0 

Predicted  AP  (psi) 

20  0 

33.0 

40.0 

Data  taken  from  Tuckerman  (1984), 
and  Pease  (1  981  a) 

and  Tuckerman 
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Figure  6-1  Comparison  of  experimental  Jala  and  MICROHEX  program  predictions  for  pressure  drop 
vs  Reynolds  number. 


Reynolds  number  is  shown  for  each  data  point,  and  is  due  primarily  to  the  uncertainty  in  the 
channel  hydraulic  diameter.  The  uncertainty  in  the  pressure  drop  is  approximately  equal  to  the 
si/e  of  the  data  points  themselves. 

The  curves  plotted  in  Figure  6-1  are  the  pressure  drop  predicted  by  the  MICROHEX  pro¬ 
gram.  It  can  be  seen  that  the  agreement  is  quite  good.  The  reader  should  note  the  relative 
decrease  in  the  predicted  pressure  drop  for  HEX4  in  the  turbulent  regime.  The  pressure  drop 
data  do  show  a  slight  change  in  the  velocity-squared  curvature  for  Re  >  2500,  which  indicates 
that  the  transition  from  laminar  to  turbulent  flow  may  have  occurred.  The  discrepancy  between 
the  data  and  the  theory  may  also  be  due  to  the  increase  in  the  friction  factor  due  to  the  rough¬ 
ened  channel  surfaces,  which  occurs  for  turbulent  flow. 

The  overall  pressure  loss  coefficient  has  been  computed  using  the  MR  ROHEX  program. 
The  results  show  that  K.  1.7  to  2.0  for  laminar  flow,  and  K  «  1.3  for  turbulent  flow.  The 
value  of  K  was  found  to  decrease  slowly  as  the  Reynolds  number  increased.  The  reduction  in  K. 
for  turbulent  flow  is  due  to  the  reduction  in  the  tabulated  values  of  Kc  and  Ke  (w.r.t.  laminar 
flow). 
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Figure  6-2  is  a  plot  of  the  pressure  drop  vs  the  hydrodynamic  entrance  length  L+  based  on 
the  total  channel  length.  The  uncertainty  in  L+  is  primarily  due  to  the  inverse  square  of  the 
uncertainty  in  the  channel  hydraulic  diameter.  The  uncertainty  in  the  pressure  drop  is  again 
approximately  equal  to  the  size  of  the  smaller  data  points  (the  squares).  It  should  be  noticed  that 
the  uncertainty  is  largest  for  small  hydraulic  diameters  and  small  Reynolds  numbers.  The  main 
point  to  note  here  is  that  the  flow  in  the  microchannels  tested  thus  far  in  this  study  is  not  fully 
developed  at  the  channel  exit. 
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Figure  6-2.  Comparison  of  experimental  data  and  MICROHEX  program  predictions  for  pressure  drop 
vs  hydrodynamic  entrance  length 


6.3  THERMAL  PERFORMANCE 

The  ultimate  reason  for  using  microchannel  heat  sinks  is  that  very  high  thermal  performance 
can  be  achieved.  This  fact  was  proven  by  Tuckerman  (1984),  where  one  heat  sink  was  tested  to 
about  1300  W/cm2  for  a  I.O-cm  square  heater. 

It  has  been  found  that  the  MICROHEX  computer  program  quite  accurately  predicts  the 
thermal  performance  data  of  the  Stanford  researchers.  In  fact,  the  program  is  so  accurate  that 
disagreement  with  the  published  data  pointed  toward  documentation  errors  in  Tuckerman  (1984). 
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The  discrepancies  were  resolved  when  the  documentation  errors  were  discovered  [Tuckerman 
(1986)]. 

The  thermal  resistance  vs  thermal  entrance  length  data*  presented  in  Tuckerman  (1984)  is 
compared  with  the  MICROHEX  program  predictions  in  Figure  6-3.  The  channels  for  that  heat 
sink  were  sawn,  which  means  that  an  equivalent  rectangular  channel  must  be  assumed  for  com¬ 
putational  purposes.  The  numerical  predictions  in  Figure  6-3  assume  that  wc  =  88.5  /im,  ww  = 
61.5  Aim,  b  =  225  Aim,  t  =  270  a*hi,  L  =  1.0  cm  (heated),  Tfin  =  288°K,  and  q"  =  118  W/cm2.  It 
can  be  seen  that  the  computer  program  quite  accurately  predicts  the  data.  The  predicted  thermal 
resistance  is  lower  in  the  regions  where  thermal  spreading  is  important  [unfortunately,  no  com¬ 
parison  is  possible  here  in  the  thermal  spreading  region  since  no  data  in  this  region  are  provided 
by  Tuckerman  (1984)]. 
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Figure  6-3.  Comparison  of  experimental  data  and  MICROHEX  program  predictions  for  thermal 
resistance  vs  thermodynamic  entrance  length. 


t  Note  that  Tuckerman  (1984)  does  not  mention  that  R"con(j  was  subtracted  from  R"tot,  which 
results  in  the  values  shown  in  Figure  6-3  (confirmed  by  Dr.  Tuckerman). 
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The  thermal  resistance  data  vs  position  from  the  upstream  heater  edge  presented  in  Tucker- 
man  (1984)  is  compared  with  the  MICROHEX  program  predictions  in  Figure  6-4.  Again,  the 
channels  were  sawn,  for  which  an  equivalent  smooth  channel  is  assumed  for  computational  pur¬ 
poses.  The  predictions  in  Figure  6-4  assume  that  wc  =  64  pm,  ww  =  136  fitn,  b  =  245  j/m,  T  = 

244  pm,  L  =  1.0  cm  (heated),  fhealed  =  1.277  (cm3/s)/(cm2),  Tfin  =  290° K,  and  q"  =  34  W/cm2.  It 
can  be  seen  that  the  agreement  is  quite  good.  The  thermal  resistance  at  the  entrance  is  low  due 
to  developing  flow  and  thermal  spreading  at  the  heater  perimeter.  The  thermal  resistance  is  also 
low  at  the  exit  due  to  thermal  spreading.  Note  that  the  predicted  thermal  resistance  is  slightly 
too  high  in  the  exit  thermal  spreading  zone. 


Figure  6-4.  Comparison  of  experimental  data  and  MICROHEX  program  predictions  for  thermal 
resistance  vs  distance  from  the  upstream  healer  edge. 

The  NTT  researchers  do  not  present  sufficient  information  in  their  articles  to  allow  the 
direct  comparison  of  MICROHEX  program  predictions  and  their  experimental  results.  It  is  inter¬ 
esting  to  note,  that  they  predict  analytically,  that  there  is  an  optimum  channel  width  design  when 
the  pressure  drop  and  channel  height  (b)  are  held  constant.  The  existence  of  an  optimum  channel 
width  is  predicted  by  the  MICROHEX  computer  program  (see,  for  example,  Figure  4-14),  but 
this  predicted  optimum  is  at  a  somewhat  smaller  channel  width. 

The  indium  phosphide  microchannel  heat  sinks  tested  in  this  study  were  found  to  have  very 
good  thermal  performance.  The  maximum  tested  thermal  performance  for  each  heat  sink  is  listed 
in  Table  6-3.  Note  that  HEX4  is  still  operational  at  the  publication  date,  and  that  there  is  good 
potential  for  much  better  thermal  performance  if  the  pressure  drop  is  increased  (to  provide  more 
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TABLE  6-3 

Experimental  Thermal  Performance  of  InP  Test  Chips 

Chip 

Tf.in  (°C) 

Tsurf  (°C) 

Q  (W)t 

q"  (W/cm2) 

R"ot  [°C/(W/ cm2)] 

HEX1 

23.0 

1 10  0 

13.95 

223.0 

0.390 

HEX2 

22.9 

1 10.0 

31.49 

504  0 

0  173 

HEX3* 

27  3 

95.0 

42.31 

677.0 

0  100 

HEX4§ 

33.8 

1 10.0 

66.19 

1059.0 

0072 

t  Total  heating  rate  for 

a  single  0.25-cm  square  resistor. 

t  This  chip  failed  prematurely  when  the  author  over-pressured  the  chip  while 
purging  air  from  the  differential  pressure  lines  (no  power  was  being  dissipated 
by  the  chip  resistors). 

§  This  chip  is  still  operational  at  the  publication  date 

coolant  flow).  Note  that  HEX1  and  HEX2  had  numerous  channels  that  were  blocked  with  epoxy 
(see  Table  6-1).  No  additional  thermal  performance  information  will  be  presented  here  for  those 
two  test  chips  due  to  the  clogged  channel  problem. 

The  typical  temperature  profiles  for  a  four-resistor  chip  are  shown  in  Figure  6-5.  The  reader 
should  note  a  few  main  points.  First,  the  uncertainty  in  Tsurf  is  within  about  ±0.5°C  at  Tsurf  = 
65° C,  and  within  about  ±2.0°  C  at  Tsurf  =  30°  C.  The  increase  in  uncertainty  for  lower  surface 
temperatures  is  due  to  the  lower  resolution  in  the  analog  meter  output  from  the  infrared  micro¬ 
scope  (for  the  15°  to  65°C  scale).  (The  uncertainty  is  within  about  ±0.5°C  at  Tsurf  =  110°C,  and 
within  about  ±3.0°C  at  Tsurf  -  30°C  for  the  15°  to  165°C  scale). 

The  second  main  point  to  note  is  that  the  power  dissipated  by  each  resistor  was  significantly 
different.  This  is  because  one  power  supply  was  used  to  supply  power  to  all  four  resistors.  This 
makes  analysis  of  the  results  somewhat  more  difficult  and,  therefore,  most  of  the  results  pre¬ 
sented  in  the  remainder  of  this  section  were  obtained  for  a  single  resistor  powered-up  at  a  time. 

The  third  main  point  to  note  is  that  the  thermal  spreading  diffusion  length  in  the  streamwise 
direction  is  on  the  order  of  1.5  to  2.0  mm.  This  is  somewhat  larger  in  magnitude  than  predicted 
by  the  thermal  spreading  theory  presented  in  Section  3.4.  This  means  that  the  MICROHEX  com¬ 
puter  program  will  predict  surface  temperatures  that  are  too  high.  There  are  two  reasons  for  this 
effect.  First,  the  thermal  spreading  model  ignored  the  temperature  gradient  in  the  streamwise 
direction  caused  by  developing  flow  and  coolant  temperature  rise.  Second,  the  two-dimensional 
thermal  spreading  that  occurs  in  reality  is  modeled  by  two  one-dimensional  models  that  are 
superimposed.  It  is  expected  that  a  thermal  spreading  model  that  accounts  for  these  two  effects 
will  be  more  accurate. 
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Figure  6-5 .  Surface  temperature  for  HEX3  as  a  function  of  the  microscope  suhstage  micrometer  position . 


The  fourth  main  point  to  note  from  Figure  6-5  has  to  do  with  the  location  of  the  inlet 
coolant  plenum.  The  chip  surface  temperature  increases  slightly  over  the  top  of  the  plenum, 
which  indicates  reduced  cooling  efficiency  in  that  region.  This  effect  was  not  anticipated  since  the 
plenum  flow  “impacts”  the  chip  similar  to  a  jet  on  a  flat  plate,  which  gives  locally  enhanced  heat 
transfer.  The  entrance  flow-  may  be  separating,  though,  which  would  have  an  accompanying 
reduction  in  heat  transfer  (for  laminar  flow  as  in  Figure  6-5). 

The  fifth  main  point  to  note  from  Figure  6-5  has  to  do  with  the  thermal  resistance  of  the 
two  upstream  resistors  (R1  and  R2).  These  two  resistors  exhibit  lower  thermal  resistance  than 
resistors  R3  and  R4!  This  is  probably  due  to  the  local  enhancement  in  the  heat  transfer  caused 
by  simultaneously  developing  flow  in  the  upstream  region  of  the  channels. 

Figure  6-6  plots  some  typical  surface  temperature  profiles  for  HEX4.  Note  that  the  unifor¬ 
mity  in  thermal  resistance  among  the  four  resistors  is  much  improved.  This  can  be  seen  by  com¬ 
paring  the  heating  rates  and  the  peak  surface  temperatures.  Note  that  some  entrance-region 
enhancement  is  again  detectable  for  heater  Rl. 

Figure  6-7  plots  a  comparison  of  the  M1CROF1EX  program  predictions,  and  the  experimen¬ 
tal  data  for  resistor  R2  in  Figure  6-6.  It  is  clear  that  the  computer  program  predicts  higher  ther¬ 
mal  resistance.  The  error  is  about  +20  percent  when  thermal  spreading  at  the  heater  perimeter  is 
accounted  for,  and  about  +50  percent  when  thermal  spreading  is  ignored.  The  discrepancy  is 
probably  due  entirely  to  the  simplified  one-dimensional  modeling  used  to  account  for  the  effect 
of  thermal  spreading  at  the  heater  perimeter.  The  indium  phosphide  thermal  conductivity  was  not 
measured,  and  may  be  slightly  different  from  the  tabulated  thermal  conductivity  data.  Note  that 
there  is  a  “bump”  in  the  predicted  thermal  performance  at  the  0.9-mm  position.  The  bump  is  due 
to  the  error  in  obtaining  the  Nusselt  number  by  using  linear  interpolation  in  Table  2-11. 

Figure  6-8  is  a  plot  of  the  peak  surface  temperature  vs  the  dissipated  power  for  HEX4  at 
two  coolant  flow  rates.  The  uncertainty  in  the  dissipated  power  is  about  equal  to  the  width  of 
the  data  points.  The  uncertainty  in  the  peak  surface  temperature  is  about  ±0.5°C  at  Tsurf  = 

110°C  and  about  ±2.1°C  at  Tsurf  =  60°C.  The  main  point  to  notice  here  is  that  the  surface 
temperature  increases  in  a  linear  fashion  with  increasing  power  dissipation.  The  thermal  resist¬ 
ance  is  lower  for  the  higher  coolant  flow  rate  as  is  expected. 

Figure  6-9  is  a  plot  of  the  thermal  resistance  vs  the  dissipated  power  of  HEX4,  which  is 
obtained  from  the  data  presented  in  Figure  6-8.  The  uncertainty  in  the  dissipated  power  is  again 
about  equal  to  the  width  of  the  data  points.  The  uncertainty  in  the  thermal  resistance  is  quite 
large,  and  is  due  to  uncertainty  in  the  surface  temperature  and  the  heat  flux.  The  main  point  to 
notice  here  is  that  the  thermal  resistance  does  not  appear  to  be  a  function  of  chip  surface 
temperature.  Indeed,  the  resistance  seems  to  decrease  with  increasing  surface  temperature.  This 
indicates  that  the  decrease  in  the  chip  thermal  conductivity  is  less  important  than  the  increase  in 
the  thermal  conductivity  of  the  water.  The  coolant  flow  rate  did  not  change  significantly  as  the 
dissipated  power  was  increased,  but  the  pressure  drop  did  become  slightly  smaller.  This  is 
expected  due  to  the  reduction  in  the  friction  factor  owing  to  a  reduction  in  the  dynamic  viscosity 
with  increasing  coolant  (and  fin)  temperature. 


163 


CD 


2 

O 


CO 

o 

Q- 

QC 


5 

o 

cc 

o 

5 


(Do)  3HniVH3dlAI3±  3DVdHnS 


CO 

<j> 

CM 

CD 

CT) 


164 


Figure  6-6.  Surface  temperature  for  HEX4  as  a  function  of  the  microscope  substage  micrometer  position . 


TOTAL  THERMAL  RESISTANCE  [°C/{W/cm2)] 


Figure  6-7.  Comparison  of  experimental  data  and  MICROHEX  program  predictions  for  thermal 
resistance  vs  distance  from  the  upstream  heater  edge  of  HEX4  resistor  R2. 
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Figure  6-9.  Thermal  resistance  V5  dissipated  power  for  HEX4  at  two  coolant  flow  rates. 


The  thermal  performance  of  the  indium  phosphide  test  chips  may  be  affected  by  the  surface 
roughness  created  by  the  orientation-dependent  etching  of  the  channels  (see  Figure  5-1).  The 
effect  would  be  to  increase  the  turbulent  friction  factor  and  the  Nusselt  number  compared  to  the 
same  channel  with  smooth  surfaces.  (No  effect  should  be  noticeable  in  laminar  flow.)  The  rough¬ 
ness  may  be  significant  if  the  characteristic  height  of  the  roughness  e  is  larger  than  the  thickness 
of  the  turbulent-flow  laminar  sublayer.  A  criterion  for  the  minimum  roughness  height  can  be 
obtained  using  the  “universal  velocity  distribution”  for  turbulent  flow  in  smooth  tubes  [see 
Rohsenow  and  Choi  (1961)].  The  minimum  roughness  height  criterion  obtained  in  this  way  is 

e/De  ^  25.14  Re-°-875  (6-1) 
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where  the  friction  factor  was  obtained  using  the  Blasius  equation.  Figure  6-10  is  a  plot  of  Equa¬ 
tion  (6.1),  where  the  solid  curve  is  for  turbulent  flow  (the  dashed  curve  is  an  extension  of  the 
results  into  the  laminar  Reynolds  number  range,  and  would  apply  if  the  flow  was  tripped  into 
the  turbulent  regime).  The  estimated  relative  roughness  for  the  indium  phosphide  microchannels 
was  listed  in  Table  6-1.  The  minimum  roughness  height  criterion  appears  to  be  satisfied  by  the 
test  chips  for  low-Reynolds-number  turbulent  flow.  Therefore,  it  is  expected  that  the  channel 
roughness  may  affect  the  thermal  and  fluid  performance. 


REYNOLDS  NUMBER  (dimensionless) 


Figure  6-10.  Roughness  height  criterion  vs  flow  Reynolds  number. 


A  crude  estimate  of  the  increase  in  the  Nusselt  number  due  to  surface  roughening  can  be 
made  by  assuming  that  the  Nusselt  number  increases  proportional  to  the  relative  increase  in  the 
friction  factor.  For  HEX4,  this  means  that  the  Nusselt  number  could  be  doubled  due  to  surface 
roughening/  A  comparison  of  the  experimental  data  shown  in  Figure  6-9  and  the  MICROHEX 
predicted  performance  for  HEX4  is  shown  in  Figure  6-11.  The  uncertainty  in  the  data  is  the 
same  as  discussed  with  Figure  6-9.  The  main  point  to  notice  here  is  that  the  computer  program 
predicts  significantly  worse  thermal  performance.  This  discrepancy  is  probably  due  in  part  to  the 
inadequate  thermal  spreading  model  as  discussed  above.  Some  of  the  discrepancy  might  be 
explained  by  enhanced  heat  transfer  owing  to  surface  roughness.  It  can  be  seen  that  tripling  the 


t  See  White  (1984). 
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Figure  6-1 1.  Comparison  of  experimental  data  and  MICROHEX  program  predictions  for  thermal 
resistance  vs  dissipated  pow  er  for  HEX4. 


Nusselt  number  provides  results  that,  on  average,  agree  pretty  well  with  the  data.  The  computer 
program,  though,  predicts  increasing  thermal  resistance  for  higher  power  dissipation. 

Overall,  the  MICROHEX  computer  program  predicts  the  experimental  data  of  several 
researchers  quite  well.  Discrepancies  appear  to  be  largest  when  the  heat  sources  are  small  (owing 
to  the  model  used  for  thermal  spreading  at  the  heater  perimeter),  and  when  surface  roughening 
may  be  affecting  the  turbulent  flow  performance. 
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6.4  MODES  OF  FAILURE 


Several  heated  and  unheated  (no  resistors)  microchannel  heat-sink  chips  were  tested.  All  the 
chips  were  made  of  indium  phosphide,  which  is  a  material  that  cleaves  very  readily  when 
stressed.  All  the  testing  was  done  over  relatively  short  time  periods  (<12  h  continuously).  (One 
chip,  HEX4,  has  been  tested  intermittently  for  approximately  24  h,  and  is  still  operational  at  the 
date  of  this  publication.) 

It  is  interesting  to  note  that  the  epoxy  did  not  appear  to  fail  in  any  test.  The  chips  did  not 
“pull  up”  from  the  epoxy  and/or  the  glass  cover  plate,  which  indicates  retention  of  bond 
strength.  The  chips  did  not  leak  about  their  outer  periphery. 

The  author  was  not  able  to  determine  if  the  coefficient  of  thermal  expansion  of  the  epoxy 
had  any  impact  on  the  chip  failures.  It  is  possible  that  the  epoxy  could  have  had  an  impact  since 
its  coefficient  of  thermal  expansion  is  about  55  X  10'6oC_1,  which  is  about  an  order-of-magnitude 
larger  than  that  of  the  glass  cover  plate  and  the  indium  phosphide. 

All  chips  were  deemed  to  have  failed  when  pool(s)  of  the  liquid  coolant  (here  water) 
appeared  on  the  chip  surface.  In  all  cases,  the  water  came  from  microcracks  in  the  directions  of 
the  (Oil)  and  (Oil)  cleavage  planes.  The  pool(s)  of  coolant  usually  first  appeared  looking  like 
small  “bead(s)  of  perspiration,”  which  grew  slowly  in  size.  The  rate  of  growth  was  slowed  due  to 
the  high  evaporation  when  power  was  being  dissipated  by  the  resistors.  When  the  power  was 
turned  off,  the  pool(s)  grew  at  a  much  faster  rate.  No  “geyser(s)”  of  coolant  have  been  created 
(so  far). 

The  most  common  location  of  failure  was  over  the  top  of  the  inlet  coolant  plenum,  which  is 
the  location  of  the  highest  coolant  pressure.  This  happens  because  the  chip  over  the  top  of  the 
plenum  is  not  supported  by  the  cover  plate  (here,  xs  «  1.016  mm  =  0.040  in).  Reducing  the  width 
of  the  inlet  plenum  would  significantly  improve  the  structural  rigidity,  but  the  plenum  width 
probably  should  not  be  smaller  than  the  fin  height  (b)  in  order  to  keep  down  the  pressure  losses. 
Increasing  the  thickness  of  the  solid  material  will  provide  additional  stiffness,  but  will  at  the 
same  time  increase  the  thermal  resistance. 

6.5  SECTION  SUMMARY 

This  section  has  been  devoted  primarily  to  comparing  the  available  experimental  data  on 
microchannel  heat  sinks  with  the  analytical  model  of  the  thermal  and  fluid  performance  (the 
MICROHEX  computer  program).  The  comparisons  were  limited  to  moderate-aspect-ratio  chan¬ 
nel  designs,  since  the  author  is  not  aware  of  any  data  for  small-  and  large-aspect-ratio  channel 
designs. 

The  MICROHEX  computer  program  was  found  to  predict  quite  well  the  thermal  perfor¬ 
mance  data  of  the  Stanford  researchers,  but  predicted  larger  pressure  drop  than  their  data.  The 
computer  program  predicts  quite  well  the  fluid  performance  data  obtained  in  this  study,  but 
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predicts  larger  thermal  resistance  than  indicated  by  the  data.  The  discrepancy  in  the  thermal  per¬ 
formance  predictions  should  be  due  to  the  simplified,  one-dimensional  thermal  spreading  models 
used  to  account  for  thermal  spreading  at  the  heater  perimeter.  There  also  may  be  some  effect  for 
turbulent  flow  due  to  the  surface  roughness  created  when  the  channels  are  fabricated  using 
orientation-dependent  acid  etching. 

The  modes  of  failure  for  the  indium  phosphide  test  chips  were  discussed.  Failure  was  indi¬ 
cated  by  pool(s)  of  coolant  appearing  on  the  chip  surface.  The  leaking  originated  at  microcracks 
in  the  (Oil)  and  (Oil)  cleavage  plane  directions.  The  most  common  location  for  failure  was 
directly  above  the  inlet  coolant  plenum.  The  epoxy  did  not  appear  to  fail  for  any  of  the  test 
chips. 


171 


7.0  SUMMARY  AND  CONCLUSIONS 


This  section  provides  a  brief  review  of  the  major  conclusions  of  this  research  project.  Several 
areas  for  additional  design  and  development  of  microchannel  heat-sink  technology  are  also 
provided. 

7.1  CONCLUSIONS 

The  main  conclusions  and  results  of  this  work  are: 

(a)  It  was  found  analytically  that  turbulent  flow  should  provide  equivalent  or  better  ther¬ 
mal  performance  than  similar  laminar  flow  heat-sink  designs.  Insufficient  experimental 
data  exist  to  verify  or  negate  this  claim.  The  pumping  power  requirements  for  the  tur¬ 
bulent  flow  designs  can  be  kept  below  10  W/cm2  and  the  thermal  resistance  can  be 
lower  than  0.1°C/(W/cm2).  The  typical  minimum  channel  widths  for  turbulent  flow 
designs  are  in  the  range  of  200  to  300  fi m  [for  a  68.9-kPa  (10-psi)  pressure  drop].  These 
large  channels  are  much  easier  to  manufacture  than  the  much  smaller  laminar  flow 
channel  designs  recommended  by  the  Stanford  researchers  (Tuckerman  and  Pease).  In 
fact,  it  becomes  feasible  to  make  the  microchannel  heat  sink  in  high  thermal  conductiv¬ 
ity  materials  such  as  copper  and  aluminum  using  conventional  machine  shop 
technology. 

(b)  A  generic  computer  program  has  been  written  that  can  compute  the  thermal  and  fluid 
performance  of  microchannel  heat  sinks.  The  entire  computer  program  listing  is  pro¬ 
vided  as  Appendix  E  of  this  document.  This  program,  called  MICROHEX,  predicts 
quite  well  the  available  microchannel  heat-sink  experimental  data.  The  computer  pro¬ 
gram  conservatively  predicts  the  thermal  performance  of  the  heat  sinks  tested  in  this 
study.  The  discrepancy  is  thought  to  be  due  to  the  simplified  model  used  to  account 
for  thermal  spreading  at  the  heater  perimeter  (a  better  model  that  accounts  for  two- 
dimensional  thermal  spreading  should  solve  the  problem).  Surface  roughening  in  turbu¬ 
lent  flow  can  be  important  also. 

(c)  It  was  found  that  a  “compensation  heater”  can  be  used  to  improve  the  temperature  uni¬ 
formity  across  an  IC  heat  source,  which  may  lead  to  an  improvement  in  1C  reliability. 
This  may  also  result  in  simplified  IC  design  and  fewer  timing  problems.  This  concept 
needs  to  be  evaluated  experimentally  using  chip-level  reliability  testing  to  verify  its 
validity. 

(d)  It  was  found  that  microchannel  heat  sinks  can  be  fabricated  directly  into  the  back  of 
indium  phosphide  chips.  Both  precision  sawing  and  orientation-dependent  acid  etching 
may  be  used  to  fabricate  the  channels,  but  the  sawing  method  has  problems  with  fin 
breakage  and  chipping.  Water-cooled  indium  phosphide  microchannel  heat  sinks  have 
been  tested  at  pressure  drops  up  to  about  414  kPa  (60  psi),  and  thermal  resistance  as 
low  as  0.072°C/(W/cm2)  has  been  obtained.  The  maximum  heat  dissipation  to  date  has 
been  1059  W/cm2  for  a  0.25-cm  square  resistor. 
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7.2  FUTURE  WORK 


There  is  a  considerable  amount  of  work  that  can  be  done  to  further  develop  microchannel 
heat-sink  design  and  use.  Some  areas  which  show  good  promise  are: 

(a)  Developing  a  more  accurate  model  of  thermal  spreading  at  the  heater  perimeter  that 
accounts  for  two-dimensional  effects  (and  incorporating  the  new  model  into  the 
MICROHEX  computer  program), 

(b)  Developing  cold-plate  microchannel  heat-sink  fabrication  technology  for  mass  produc¬ 
tion  of  metallic  heat  sinks, 

(c)  Developing  alternate  fabrication  technology  for  microcapillary  thermal  interfaces  (par¬ 
ticularly  on  polished  metallic  cold  plates), 

(d)  Developing  ways  to  artificially  roughen  the  microchannel  surfaces  to  enhance  heat 
transfer, 

(e)  Developing  ways  to  incorporate  microchannel  heat  sinks  directly  into  printed  circuit 
boards, 

(f)  Developing  a  sensible  multiple  header/ plenum  coolant  distribution  system  for  short 
channel  length  designs, 

(g)  Experimentally  testing  the  possible  enhancement  in  IC  reliability  using  compensation 
heaters, 

(h)  Experimentally  testing  more  microchannel  heat  sinks  in  the  turbulent  flow  regime, 

(i)  Experimentally  testing  the  thermal  and  fluid  performance  for  coolants  other  than 
water, 

(j)  Experimentally  testing  the  long-term  reliability  of  microchannel  heat  sinks  fabricated 
directly  in  IC  chips  [fouling,  chip  contamination,  channel  erosion  due  to  flow,  biologi¬ 
cal  contamination  (bugs),  etc.], 

(k)  Developing  finite-difference,  and  finite-element,  models  of  the  thermal  and  structural 
response, 

(l)  Researching  the  friction  factor  and  Nusselt  number  characteristics  of  low-Reynolds- 
number  turbulent  flow,  and 

(m)  Looking  into  the  possible  performance  enhancement  if  “pulsating”  coolant  flow  is  used 
(instead  of  steady  coolant  flow). 

The  reader  can  probably  see  many  other  areas  of  research  opportunity  in  this  field. 

This  author  will  continue  working  on  microchannel  heat-sink  design,  and  would  be  very 
interested  in  corresponding  with  other  researchers  working  in  this  field. 
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APPENDIX  A 


FINS  WITH  NONUNIFORM  THERMAL  CONDUCTIVITY, 
HEAT-TRANSFER  COEFFICIENT,  AND  COOLANT  TEMPERATURE 


The  analysis  presented  here  is  based  on  the  thirteen  assumptions  listed  in  Section  3.3.  They 
are  assumed  to  be  “locally”  valid  in  that  the  thermal  conductivity  and/or  the  heat-transfer  coeffi¬ 
cient  and/or  the  coolant  temperature  are  not  uniform  over  the  entire  fin  height.  Instead  they  are 
considered  constant  over  smaller  sections  of  the  fin  height.  The  original  fin  is  therefore  made  up 
of  several  smaller  fins  connected  in  series  as  shown  in  Figure  A-l. 


Qfi  Tbi,hi 


Qf|  Tbj,hj 


Qfn  Tbr)/hn 


Qn+1  -  0 


Figure  A-l.  Subdivided  fm  model. 
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(A.  1) 


The  differential  equation  modeling  each  fin  section  is 


d20. 

- -  m20: 

dz2  J  J 


and  0(  =  Twj(z)  -  Tbj,  m2  =  2hj/kwjWw,  where  Tbj  is  the  bulk  coolant  temperature  of  the  jth  fin, 
TWJ(z)  is  the  temperature  profile  of  the  jth  fin,  is  the  heat-transfer  coefficient  of  the  jth  fin,  k^j 
is  the  thermal  conductivity  of  the  jth  fin,  and  ww  is  the  fin  width.  The  boundary  conditions  are: 

0j  =  0base  j  at  Zj  =  0,  and  -k^jAdflj/dZj  =  Qj  =  q"A  at  z}  =  0  where  A  is  the  fin  base  area,  qj  is  the 
heat  flux  at  the  fin  base,  and  Qj  is  the  heating  rate  at  the  fin  base.  The  solution  of  Equation  (A.l) 
is  readily  obtained  as 


=  ^ase, j  COSh(mjZj) 


Qj 

A  k  wj  irij 


sinh(mjZj) 


(A. 2) 


The  heating  rate  from  the  fin  tip  is  evaluated  using  Equation  (A. 2)  and  the  boundary  condition 
Qj+l  =  -kwj  Ad0j/dzj  at  zj  =  bj.  The  result  is 


Qj+i  =  Qj  cos(mjbj)  -  kWJAmj0base  j  sinh(mjbj)  (A. 3) 

where  Qj+J  is  the  positive  heat  loss  from  the  tip  of  fin  j  to  the  base  of  fin  j  +  1.  The  heat  trans¬ 
ferred  to  the  coolant  is  Qfj  =  Qj  -  Qj+j. 

The  solution  of  Equations  (A. 2)  and  (A. 3)  for  j  =  l,2,3v*,n  is  very  tedious.  In  general,  the 
solution  is  easiest  if  all  Tb)*  and  h,  are  known  in  advance,  and  if  each  k^j  is  assumed  constant 
over  the  length  b,  and  evaluated  at  #base,r  The  solution  is  readily  obtained  by  trial  and  error 
guessing  of  #base,i  such  l^at  Qn+j  =  0. 
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APPENDIX  B 

FIN  WITH  INTERNAL  HEAT  GENERATION 


A  fin  with  resistive  heating  is  shown  in  Figure  B-l.  The  electric  current  flows  between  the  fin 
base  and  the  fin  tip,  and  it  is  assumed  that  no  current  “leaks”  into  the  liquid  coolant.  It  is 
assumed  that  the  assumptions  listed  in  Section  3.3  apply  here  also  (except  of  course  Assumption  6). 

The  governing  differential  equation  is 


d26  „  wj 

-  m20  +  - =  0  (B.  1) 

dz2  kw 


where  8  =  Tw(z)  Tb,  m2  =  2h/kwww,  Tb  is  the  coolant  bulk  temperature,  h  is  the  heat-transfer 
coefficient,  kw  is  the  fin  thermal  conductivity,  ww  is  the  fin  thickness,  and  w  is  the  internal  heat 
generation  per  unit  volume.  The  boundary  conditions  are:  d0/dz  =  0  at  z  =  0,  and  6  =  0base 
z  =  b.  The  solution  of  Equation  (B.l)  is  readily  obtained  as 


cosh(mz)  wjww  cosh(mz) 

8  =  0ha,e  -  +  -  [  I  -  - ]  (B.2) 

cosh  (mb)  2h  cosh  (mb) 

The  heat  flow  rate  through  the  fin  base  is  found  using  q"  =  k^dfl/dz,  which  is  evaluated  at  z  =  b 
to  give 

Wjwwkwm 

q"  =  kwm0basc  tanh(mb)  -  - - -  tanh(mb)  (B  3) 

2h 

The  definition  of  a  fin  efficiency  is  not  appropriate  here. 


FIN  FIN 

BASE  TIP 


ADIABATIC 
FIN  TIP 


Figure  B-L  Fin  with  internal  heat  generation. 
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To  determine  the  rate  of  internal  heat  generation  per  unit  volume,  it  is  necessary  to  know 
the  electrical  resistivity  p  and  the  electrical  current  distribution.  If  it  is  assumed  that  the  resistiv¬ 
ity  is  independent  of  temperature,  and  that  the  current  flow  is  uniform,  it  is  easy  to  show  that 
the  internal  heat  generation  per  unit  volume  is  given  by 


W: 


i2r 

V 


wwzx 


1 2P 
w^x2 


(B.4) 


where  I  is  the  current  flowing  through  the  fin  base  length  x,  and  p  is  the  electrical  resistivity 
(H  -  m). 
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APPENDIX  C 

OPTIMUM  FIN  ASPECT  RATIO 


The  analysis  presented  here  is  based  on  the  thirteen  assumptions  listed  in  Section  3.3.  In  that 


section,  the  heat  flow  per  unit  fin  base  area  was  obtained  [Equation  (3.13)],  which  leads  to  the 
heat  flow  rate  per  unit  fin  length  given  by 


q'  =  q"ww  =  kwwwm0base  tanh  (0) 


(Cl) 


where  m  =  (2h/kajwvv)0-5,  q'  is  the  heating  rate  at  the  fin  base  per  unit  fin  base  length,  q"  is  the 
fin  base  heating  rate  per  unit  fin  base  area,  ww  is  the  fin  thickness,  kw  is  the  fin  thermal  conduc¬ 
tivity,  0base  is  the  fin-base-to-liquid-coolant  temperature  excess,  h  is  the  heat-transfer  coefficient, 
and  p  is  the  optimizing  parameter  given  by 


(C.2) 


where  b  is  the  fin  length,  and  Ap  is  the  fin  profile  area  (bww).  Substituting  Equation  (C.2)  into 
Equation  (C.  1)  and  regrouping  terms  gives 


(C.3) 


Taking  the  derivative  of  Equation  (C.3)  with  respect  to  ww  and  evaluating  where  the  derivative 
vanishes  give  p^  1.4192.  Substituting  this  value  into  Equation  (C.2)  gives  the  “optimum”  fin 
thickness  as 


(C.4) 


ww  —  0.791 


and  using  b  =  Ap/ww  gives  the  “optimum”  fin  length  as 


(C.5) 


Equations  (C.4)  and  (C.5)  apply  for  fins  with  a  fixed  profile  area.  No  sensible  optimum  was 
found  for  b  and  ww  when  the  derivatives  with  respect  to  b  and  ww  were  taken  after  Ap  =  bww 
was  substituted  into  Equation  (C.3). 

The  optimum  fin  aspect  ratio  is  obtained  by  dividing  Equation  (C.5)  by  Equation  (C.4) 
which  gives 


k2  \  0.33 


(C.6) 


P 
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(C.7) 


The  profile  area  may  be  written  as 
AP  =  bww  =  (b/ww)  =  5  w2 

and  the  heat-transfer  coefficient  can  be  obtained  from  the  Nusselt  number  by 
Nukf 


h  = 


D. 


(C.8) 


where  Nu  is  the  Nusselt  number,  kf  is  the  fluid  thermal  conductivity,  De  is  the  equivalent  diame¬ 
ter  given  by 


De  = 


4A 


4bw^ 


2b  +  2wr 


(C.9) 


where  wc  is  the  channel  width,  and  the  heating  from  the  bottom  of  the  channel  has  been  ignored. 
Substituting  Equations  (C.7),  (C.8),  and  (C.9)  into  Equation  (C.6)  gives 

0  5 

(CIO) 


<w  1 

1.419  ( - 


(wc/ww)  5 


kf  Nu  [5  +  (wc/ww)] 

Equation  (C.10)  can  be  put  into  quadratic  form  of  which  the  quadratic  expansion  solution  is 


wc 

/  wc  \  2  kw  1  wc 

- T  0.5 

—  +  8.056  - 

ww 

\ww/  kf  Nu  ww 

0.5 


CC.11) 


Clearly  the  solution  is  the  only  one  that  makes  sense. 


To  get  an  idea  of  the  typical  “optimum”  a,  consider  the  case  when  water  (kf^O.6  W/m°C) 
is  used  to  cool  an  indium  phosphide  (kw  »  70  W/m°C)  heat  sink  when  ww/wc;=!:5  1.0  and 
Nu^S.O.  Equation  (C.  11)  indicates  tht  6^4.9  will  give  the  most  heat  transfer  from  the  fin  for  a 
given  profile  area.  Note  that  the  analysis  does  not  consider  heat  transfer  from  the  base  of  the 
channel. 
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APPENDIX  D 

MICROCAPILLARY  THERMAL  INTERFACE 


This  appendix  provides  a  brief  discussion  of  a  relatively  new  type  of  thermal  interface  that 
can  be  used  in  conjunction  with  microchannel  heat  sinks.  The  information  presented  here  on  the 
so-called  “microcapillary  thermal  interface”  has  been  abstracted  from  Tuckerman  and  Pease 
(1983),  and  Tuckerman  (1984).  It  has  been  included  in  this  report  in  an  attempt  to  provide  the 
reader  with  a  more  complete  understanding  of  how  microchannel  heat  sinks  could  be  manufac¬ 
tured  separately  from  the  device  they  are  intended  to  cool  and  then  joined  via  a  low-thermal- 
resistance  interface. 

The  fabrication  and  use  of  microchannel  heat  sinks  raises  a  number  of  questions  about  the 
manufacturing  yield  and  the  device  reliability.  For  example,  the  integrated  circuit  might  be  dam¬ 
aged  during  heat  sink  fabrication.  There  may  also  be  problems  associated  with  the  diffusion  of 
contaminants  from  the  liquid  coolant  into  the  integrated  circuit  chip.  There  may  also  be  a  sys¬ 
tems  design  problem  of  delivering  coolant  to  each  chip  in  a  multichip  array. 

To  avoid  these  problems,  the  chip  and  the  heat  sink  could  be  manufactured  separately  and 
then  packaged  together  with  an  interface  between  them.  For  microelectronics,  it  would  be  prefer¬ 
able  to  have  the  heat  sink  manufactured  directly  within  the  printed  circuit  board. 

Several  methods  can  be  used  to  provide  a  low-thermal-resistance  interface.  Various  types  of 
bonding  (epoxy,  solder,  etc.)  can  be  used  to  provide  a  “solid”  interface,  but  such  interfaces  have 
problems  with  mechanical  stress  limitations,  high  thermal  resistance  (due  to  gas  voids),  and  are 
generally  non-reusable  (meaning  a  chip  cannot  be  easily  removed  and  reused).  Gas  layer  interfa¬ 
ces  (e.g.,  helium)  can  be  used,  but  they  have  problems  since  they  require  very  small  separations 
between  the  two  surfaces,  the  surfaces  should  be  optically  flat  (and  dust  free),  and  a  hermetic 
seal  is  required  for  the  package.  Liquid  layer  interfaces  (e.g.,  thermal  grease)  often  require  that 
the  two  surfaces  be  held  under  large  compressive  loads  to  keep  the  surface  separation  small. 

An  alternative  liquid  interface,  called  a  microcapillary  thermal  interface,  has  been  recently 
developed  by  the  Stanford  researchers.  Shown  in  Figure  D-l,  this  interface  has  re-entrant  cavities 
which  use  the  liquid’s  surface  tension  to  create  a  very  strong  attractive  (suction)  force  between 
the  two  surfaces.  This  attractive  force  guarantees  a  small  interfacial  gap  that  has  a  very  small 
thermal  resistance.  The  re-entrant  cavities  are  long  channels  that  act  as  partially  filled  reservoirs 
and  allow  trapped  air  to  escape  (virtually  eliminates  gas  voids  in  the  interface).  Transverse  “tun¬ 
nels”  are  provided  between  the  re-entrant-cavity  channels  that  allow  the  interfacial  liquid  to  equi- 
libriate  between  the  channels.  In  order  to  guarantee  a  void-free  interface,  the  width  of  the  re¬ 
entrant-cavity  channels  (at  the  nominal  meniscus  level)  is  selected  such  that  it  is  slightly  larger 
than  the  maximum  gap  between  the  surfaces  (at  the  relevant  contact  pressure). 

The  re-entrant-cavity  channels  used  by  the  Stanford  researchers  were  manufactured  in  basi¬ 
cally  a  two-step  process.  First,  channels  were  etched  into  the  top  surface  of  a  silicon  wafer  con¬ 
taining  a  microchannel  heat  sink.  The  channels  were  typically  5  jum  wide,  30  pm  deep,  and  on 
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Figure  D-L  Microcapillary  thermal  interface  concept. 


10  jum  centers.  The  channels  were  then  electrolessly  plated  with  nickel  to  form  the  re-entrant 
shape  where  the  gap  width  at  the  channel  top  was  typically  1  pm.  Nickel  was  chosen  because  its 
thickness  (typically  <2  pm)  provided  a  semi-ductile  stress-absorbing  interface  that  was  resistant  to 
peeling.  Dow  Corning  704  silicone  oil  was  used  as  an  interfacial  liquid.  It  was  applied  to  the 
smooth  integrated-circuit  surface,  and  spun-down  to  a  thickness  of  typically  3  pm.  Due  to  the 
inherent  attractive  (suction)  force  developed  by  the  interface,  the  interfacial  gap  was  typically 
<0.7  pm.  Such  small  gaps  were  obtained  even  when  the  integrated  circuit  chips  were  intentionally 
prepared  with  concave  bows  of  15  ^m  between  the  edge  and  the  center  of  chip! 

The  thermal  performance  of  the  microcapillary  thermal  interface  was  truly  amazing.  Typi¬ 
cally,  R'nl  <  0.  l°C/(W/cm2),  and  values  as  low  as  R-ini  »  0.02°C/(W/cm2)  have  been  obtained. 
This  interface  is  reusable  in  the  sense  that  the  integrated  circuit  chip  can  be  detached  from  the 
heat  sink  and  reattached  without  damage  and  has  about  the  same  thermal  resistance.  It  was  also 
found  that  R[nt  decreases  with  large  amounts  of  thermal  cycling.  This  is  probably  due  to  the 
smoothing  of  the  interface  surfaces  caused  by  sliding  owing  to  thermal  expansion  and 
contraction. 

Clearly  the  interface  thermal  resistance  is  pretty  low,  and  therefore  will  not  significantly 
degrade  the  overall  thermal  performance.  In  fact,  using  such  an  interface  could  improve  the  ther¬ 
mal  performance  when  the  heat  source  substrate  has  a  low  thermal  conductivity.  In  this  case,  the 
microcapillary  thermal  interface  could  be  used  which  would  allow  the  microchannel  heat  sink  to 
be  made  separately  in  a  high  thermal  conductivity  material.  The  resulting  total  thermal  resistance 
could  therefore  be  much  lower. 
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APPENDIX  E 

MICROHEX  COMPUTER  PROGRAM  LISTING 


This  appendix  contains  the  entire  listing  of  the  computer  program  used  to  compute  the  ther¬ 
mal  and  fluid  performance  of  forced-convection,  liquid-cooled,  microchannel  heat  sinks.  The 
computer  program  is  written  in  FORTRAN  IV,  and  has  been  successfully  run  on  an  IBM  3081, 
a  MICROVAX  II,  and  an  IBM  PC/XT. 

The  computer  code  listed  herein  is  the  version  that  was  used  on  an  IBM  3081.  The  MICRO¬ 
HEX  EXEC  file  is  needed  only  for  the  IBM  3081  to  set  up  the  output  files.  Output  file  setup  for 
the  MICROVAX  II  and  the  IBM  PC/XT  is  accomplished  by  un-commenting  the  appropriate 
lines  in  the  MICROHEX  FORTRAN  program  as  indicated. 

Plotting  of  the  thermal  and  fluid  performance  results  is  done  using  the  DISSPLA<R>  gra¬ 
phics  package.  Other  plotting  packages  can  of  course  be  used  provided  that  subroutines  PLNPUT 
and  PPLOTT  are  revised  as  required. 

Program  MICROHEX  computes  the  thermal  and  fluid  performance  for  up  to  five  heat-sink 
designs,  which  have  been  initialized  with  the  data  statements  in  the  MICROHEX  FORTRAN 
program.  A  description  of  the  heat-sink  design  parameters  that  must  be  initialized  is  provided  in 
the  comment  header  block  of  the  M1CROHEX  FORTRAN  program,  and  in  Section  4.5.1  as 
well. 


When  MICROHEX  is  run,  the  user  will  be  prompted  for  a  plotting  output  device  name. 

This  is  the  only  “interactive”  response  that  is  required. 

The  author  has  very  carefully  checked  the  accuracy  of  the  numerical  computations.  All  the 
computations  are  done  using  “single  precision.”  Numerical  round-off  errors  do  on  occasion  occur 
such  that  incorrect  performance  is  predicted.  Erroneous  results  are  readily  noticeable  (usually) 
when  looking  at  the  plot  of  the  thermal  and  fluid  performance.  These  errors  usually  can  be  elimi¬ 
nated  by  selecting  different  values  for  WCSTAR  and  WCINCR.  Ultimately,  the  best  solution 
would  be  to  convert  the  entire  program  to  at  least  “double  precision,”  but  that  conversion  has 
not  been  done  to  date. 

The  author  is  not  aware  of  any  programming  errors.  The  author  also  will  admit  that  some 
programming  changes  could  result  in  a  reduction  in  the  CPU  time  required  to  do  the  numerical 
computations.  The  author  would  be  very  grateful  if  the  reader  would  bring  to  his  attention  any 
potential  programming  errors  and/or  computational  enhancements. 
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REAL  DUMMY  .COMMAND, LINE 

C - 

C  N0TE3  TO  THE  USER  FROM  THE  AUTHOR  OF  THIS  PROGRAM . 

C 

C  THIS  COMPUTER  PROGRAM  HAS  BEEN  DOCUMENTED  BY  DEFINING  THE  ANALYSIS 
C  VARIABLES  IN  THE  TOP  OF  EACH  SUBROUTINE.  AND  BY  DEFININO  THE  PRIMARY 
C  ANALYSIS  EQUATIONS  THAT  ARE  BEING  USED.  MOST  OF  THE  DOCUMENTATION 
C  HERE  UAS  DONE  BY  THE  AUTHOR  IN  ORDER  TO  AVOID  HIS  OWN  CONFUSION  WHILE 
C  WRITING  AND  DEBUGGING  THE  CODE.  HOPEFULLY  YOU  UILL  FIND  IT  RELATIVELY 
C  EASY  TO  UNDERSTAND  THE  CODE.  BUT  BEFORE  YOU  DO  SO.  IT  PROBABLY  UOULD 
C  BE  BEST  IF  YOU  READ  THE  THESIS  TEXT  FIRST.  THE  AUTHOR  IS  NOT  AUARE  OF 
C  ANY  BUOS  IN  THIS  PROORAM  AT  THE  TIME  OF  PUBLICATION.  THERE  ARE  SOME 
C  TIMES  WHEN  NUMERICAL  ROUNDOFF  ERRORS  HO  SHOU  UP.  BUT  THESE  USUALLY 
C  DISAPPEAR  WHEN  THE  INPUT  PARAMETER  'WCSTAR'  IS  ADJUSTED  (USE  OF 
C  INCREMENTS  OF  TEN  APPEAR  TO  BE  MOST  ACCURATE  (10*20.30....)).  THE 
C  AUTHOR  WOULD  APPRECIATE  IT  IF  ANY  COMPUTATIONAL  ENHANCEMENTS  OR  BUGS 
C  ARE  BROUGHT  TO  HIS  ATTENTION,  SO  THAT  OTHER  INTERESTED  PARTIES  MAY  BE 
C  INFORMED.  GOOD  LUCK,  AND  HAPPY  PROGRAMMING' 

C  SINCERELY, 

C  RICHARD  J.  PHILLIPS 

C  16  JAN  87 

C 

C - - - 

C  MICROHEX:  WRITTEN  BY  RICHARD  J.  PHILLIPS.  MICROHEX  CONTAINS  THE 
C  INPUT  DATA  ARRAYS  THAT  ARE  USED  TO  COMPUTE  THE  THERMAL- 

C  HYDRAULIC  PERFORMANCE  OF  MICROCHANNEL  HEAT  SINKS. 

C - 


c 

p 

DISCRETION  OF  INPUT 

VARIABLES 

c 

p 

NUMBER  OF 

CURVES  AND 

TYPE  OF  OUTPUT 

c 

NCURVE  : 

NUMBER  OF  GENERIC  DESIGNS  TO  BE  ANALYZED 

c 

IX 

CONTROL  FOR  IF  CHANNEL  WIDTH  OR  AXIAL  POSITION 

c 

IS  TO  BE  VARIED.  NOTE  THAT  THE  CALCULATIONS  MUST 

c 

BE  DONE  FOR  UC-UCSTAR 

SUCEND .  * 

c 

c 

1  -  UC  VARIED,  OR  2  - 

X  VARIED 

c 

HEAT  SINK 

MATERIAL 

c 

TEMP 

.  RANGE  OF  DATA 

c 

NSINK  : 

1  =  GALLIUM  ARSENIDE 

20.  K  -  470. 

K 

c 

2  *  GERMANIUM 

10.  N  -  500. 

K 

c 

3  *  INDIUM  PHOSPHIDE 

20.  K  -  500. 

K 

c 

4  *  SILICON 

10.  K  -  500. 

K 

c 

5  «  ALUMINUM 

10.  K  -  500. 

K 

c 

6  -  COPPER 

10.  K  -  500. 

K 

c 

c 

7  «  SILVER 

10.  K  -  500. 

K 

c 

TYPE  OF  LIQUID  COOLANT  AND  INLET  TEMPERATURE 

c 

TEMP.  RANGE  OF  DATA 

c 

NFLUID  J 

1  *  FC-77 

273.  K  -  353. 

K 

c 

2  »  FREON 

223,  K  -  323. 

K 

c 

3  »  WATER 

273.  K  -  377. 

K 

c 

r 

T  FLU I N  5 

INLET  COOLANT  TEMP. 

(DEG  KELVIN) 

L 

c 

p 

HEATING  RATE 

L 

c 

(2 

q  : 

SURFACE  HEATING  RATE 

(U/CM**2  ) 

C 

C 

ANALYSIS 

METHOD 

190 


ICASE 


FULLY  DEVELOPED  LAMINAR  FLOU  IN  SMOOTH 
CHANNELS 

FULLY  DEVELOPED/DEVELOPING  LAMINAR  AND 
TURBULENT  FLOU  IN  SMOOTH  CHANNELS 
FULLY  DEVELOPED  TURBULENT  FLOU  IN  REPEATED- 
RIB  ROUGHENED  CHANNELS 


GEOMETRICAL  PARAMETERS 


UCSTAR  :  INITIAL  CHANNEL  WIDTH  (MICRONS) 

UCEND  :  FINAL  CHANNEL  WIDTH  (MICRONS) 

WC I  NCR  :  INCREMENT  IN  CHANNEL  UIBTH  (MICRONS) 

WWBYWC  :  RATIO  OF  FIN  THICKNESS  TO  CHANNEL  WIDTH  (-) 

IZ  t  CONTROL  FOR  WHICH  CRITERION  USED  FOR  FIN  LENGTH 

1  -  Br  OR  2  -  ASPEC 
B  :  FIN  HEIGHT  (MICRONS) 

ASPECT  J  CHANNEL  ASPECT  RATIO  <-> 

L  :  CHANNEL  LENGTH  (M) 

T  :  SUBSTRATE  HEIGHT  (MICRONS) 


C 

C 

C 

C 

C 

C 

C 

C 

C 


COOLANT  VELOCITY  CONSTRAINTS 


IKLOSS 

ICONS 

DELP 

VOLUME 

POWER 


CONTROL  FOR  INCLUDING  K90f  KC *  AND  KE 
0  -  NO  1  -  YES 

CONTROL  FOR  WHICH  FLOU  CONSTRAINT  SHOULD  BE  USED 
1  -  DELP  >  2  -  VOLUME  t  OR  3  -  POWER 
CONSTANT  PRESSURE  DROP  CONSTRAINT  (PSI) 

CONSTANT  VOLUMETRIC  FLOU  CONSTRAINT ( (CC/S)/CM*2) 
CONSTANT  PUMPING  POUER  CONSTAINT  <U/CM**2> 


C 


C  ROUGHNESS  PARAMETERS 
C 

C  EBYDE  t 

C 

C  PBYE  : 

c  phi  : 

c  zi  : 

c - - — 


RATIO  OF  REPEATED  RIB  HEIGHT  TO  CHANNEL 
HYDRAULIC  DIAMETER  (-) 

RATIO  OF  RIB  SEPARATION  TO  RIB  HEIGHT  (-> 
FLOU  ATTACK  ANGLE  (DEGREES) 

RIB  SHAPE  ANGLE  (DEGREES) 


C  INITIALIZE  ARRAYS 
REAL  L 

INTEGER  UCSTAR»UCEND»UCINCR 

DIMENSION  NS  I NK ( 3  ) f  NFLUI D ( 3 ) f  TFLUIN ( 3 )  f  Q  (  5  ) >  I  CASE ( 5 )  r  I  Z  (  5  ) * 
l  WCS T AR ( 3 )  >  UCEND ( 5 )  rUCINCR(3) t UUBYUC ( 5 )  » B ( 5 >  > ASPECT ( 5 ) • 

l  L  <  3 ) >  T  <  3 ) > IKLOSS (3 ) »  DELP(3) »  VOLUME(5) r  POUER (5 )  » 

l  ICONS (3  )  >  EB YDE ( 3  > f  PB YE ( 3 ) f  PH  I ( 3 ) til (5) ? 

I  XI (  5  f  2  f 100) »Y1A(5>2* 100) f  Y2 ( 3  »  2  t 100) »  Y3 ( 5  f  2  f 100) r 

V  1 1 NUM ( 3  »  2 ) »YlB(5v2vlOO) »YlC(5f2f 100) ? 

I  XX ( 3  >  2  » 1 00 ) »XSTARX(3»2f 100) 

C  ttttttttttlt  INPUT  DATA  FOR  UP  TO  FIVE  CURVES  ************ 

DATA  NCURVE/1/ 

DATA  IX  / 1 / 


DATA 

ICASE  / 

2  t 

0» 

Of 

Of 

0/ 

DATA 

NSINK  / 

A  f 

Of 

Of 

Of 

0/ 

DATA 

NFLUID/ 

3  r 

Of 

Of 

Of 

0/ 

DATA 

TFLUIN/ 

300. Of 

0.  f 

0.  f 

0.  f 

0.  / 

DATA 

Q  / 

0.  f 

0  .  f 

0.  f 

0  .  f 

0.  / 

DATA 

UCSTAR/ 

3  f 

Of 

Of 

Of 

0/ 

DATA 

UCEND  / 

300  » 

Of 

Of 

Of 

0/ 

DATA 

UC I  NCR/ 

3  f 

Of 

Of 

Of 

0/ 

DATA 

UUBYUC/ 

1  .  Or 

0.  f 

0.  f 

0.  f 

0./ 
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DATA 

IZ  /  2 1 

o 

o 

Of 

0/ 

DATA 

B  /  O.E -6* 

0  «  E-6  r  0  ♦  E- 6  f  0, 

.  E  -  6  f 

O.E-6/ 

DATA 

ASPECT/  4  •  » 

0.  f  0.  f 

0  .  f 

0./ 

DATA 

L  /  .OlOOOf 

0. r  0.  r 

0.  f 

0./ 

DATA 

T  / 1 00 .  E-6  f 

0 . E-6  r  0 . E -6  f  0 

.  E-6  f 

O.E-6/ 

DATA 

IKLOSS/  Of 

Or  Of 

Of 

0/ 

DATA 

ICONS  /  If 

Or  Of 

Of 

0/ 

DATA 

DELP  /  10. Of 

O.r  0  .  f 

0.  f 

0./ 

DATA 

VOLUME/  O.r 

0.  f  0.  f 

0.  f 

0./ 

DATA 

POWER  /  0  .  f 

0. f  0. f 

0.  f 

0./ 

DATA 

EBYDE  /  0  •  » 

0.  f  0.  f 

0.  f 

0./ 

DATA 

PBYE  /  0  •  » 

0. f  0. f 

0.  f 

0./ 

DATA 

PHI  /  0  •  f 

0  .  f  0  .  f 

0  .  f 

0  .  / 

DATA 

ZI  /  o.» 

0. f  0. f 

0.  » 

0.  / 

TIALIZE  OUTPUT  DATA  FILES  FOR  MICROVAX 

OPEN 

<  UN  I T - 1 1 f  FILE- 

'HICR0HEX.0UTPUT1 ' f 

1 

ORGANIZATION-' 

SEQUENTIAL' f  STATUS 

='NEU' 

) 

OPEN 

<  UNI T- 1 3  f  FILE- 

'HICR0HEX.0UTPUT2' f 

t 

ORGANIZATION-' 

SEQUENTIAL' f  STATUS 

* ' NEW ' 

) 

OPEN 

<  UN  I T  » 1 5  f  FILE- 

'MICROHEX. 0UTPUT3' f 

t 

ORGANIZATION-' 

SEQUENTIAL'f  STATUS 

a'NEU' 

'  ) 

OPEN 

<  UN  I T-l 7  f  FILE- 

'MICROHEX. OUTPUTA'f 

ORG AN  I Z AT  I  ON®' SEQUENTIAL' 


S T ATUS  = ' NEW  7  ) 


C  DETERMINE  EXECUTION  TIME  (HUMAN  CLOCK)  FOR  MICROVAX 
Tl-SECNDS(O.O) 

CC  PROMPT  FOR  PLOT  OUTPUT  DEVICE 


C 

CIO 


UR  I T  E  <  6  f 10) 
FORMAT  < 


C 

•  / 

f  / 

c 

f  / 

SEND 

PLOT  OUTPUT  TO  . 

♦  ' 

f  / 

c 

t  / 

0 

*  DO  NOT  PLOT  RESULTS 

f  / 

c 

•  / 

1 

«  COMPRS 

+  ' 

f  / 

c 

f  / 

2 

■  TEKTRONIX  4015 

f  / 

c 

•  / 

+ 

3 

■  TEKTRONIX  4114 

+  ' 

f  / 

c 

•  / 

4 

■  BENSON 

+  ' 

f  / 

c 

•  / 

5 

-  C0MP90 

+  ' 

f  / 

c 

+ 

MAKE 

NEGATIVE  FOR  NO  DATA  ECHO 

+  ' 

f  / 

c 

t  / 

+ 

ENTER 

!  SELECTION  NUMBER  AND  <CR> 

+  ' 

f  / 

c 

+  - 

+  ' 

) 

C 

C 

C 

C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 


I  ECHO* 1 

READ ( 6 »  $ ) I PLOT 
I F (  I  PLOT .  LT .  0  ) I ECH0  =  0 
IF ( I  PLOT . LT .0) IPL0T*-1*IPLQT 
IF< IPLOT. EG. 1 >CALL  COMPRS 
>  2 ) CALL 
•  3 ) C  ALL 
,  4>CALL 


I F ( I PLOT ,  EQ 
IF  < IPLOT , EQ 
IF ( I  PLOT  .  EQ 
I F  < IPLOT .EQ .5>CALL 
I F ( (  IPLOT ,NE .0) .AND 


TEK ALL  <4015? 480f Of 1 >0) 
TEKALL<4U4»  480r0»l»0) 
BENSN2  <  0 ) 

C0MP80  <  69  r 16f Of  0? 1 ) 

(  IECHO.NE.O)  ) 


l  CALL  P I NPU  T ( NCURVE » I C ASE t NS  INK r NFLU I D f TFLUI N r Q » UCST AR » UCEND * 
t  WC I  NCR  »  WUB YUC  » IZf I X f  B  ? ASPE C T  f L  f  T , IKLOSS  f 

1  ICONSf DELPf VOLUME rPOUER? EBYTE? PB YE? PHI  ,  ZI  ) 

LOOP  FOR  UP  TO  FIVE  CURVES 
DO  100  I  *  1 »  NCURVE  » 1 

CONVERT  W/CM4  2  TO  U/M*2 
0<  I  )«0<  I  ) * ( 1 . E  +  4 ) 

CONVERT  (CC/S)/CM**2  TO  ( M**3/S ) /CM**2 
VOLUME < I ) =  VOL  UME  < I  )*<  1  .E-6) 

CONVERT  PSI  TO  PA 
DELP<  I  )=DELP< 1)46894.8 


192 


n  o  o 


CALL  RTOT  AL ( 

X  1 1  NS  INK ( I ) *  NFLU I D ( I ) i TFLU I N ( I  )  »  Q  <  I  )  »  I  CASE ( I )  » 

X  UCST  AR ( I ) f  UCEND ( I ) » UCINCR( I ) »  UUBYUC ( I ) f  B < I ) *  I Z  < I )  » I  X • 

X  ASPECT  (  I  )  »L<  I  )  »  T<  I  )  ,  I KLOSS  (  I  )  r  ICONS  (  I  )  #  DELP  <  I  )  •  VOLUME  (  I  )  » 

X  POWER ( I) f  EBYDE < I >  pPBYE< I)fPHI(I)9ZI(I)«XltYlAfYlBiYlC>Y2« 

X  Y3»IINUM»XXfXSTARX) 

100  CONTINUE 
PLOT  OUT  RESULTS 

I F  < I  PLOT •  NE • 0  ) 

1C  ALL  PPLOTT (XI tYlA*YlBfYlC*Y2»Y3» I  I  NUN , NC URVE i I C A SE  » IX»XXpXSTARX) 
C  PRINT  OUT  EXECUTION  TIME  (HUMAN  TIME)  FOR  MICROVAX 
DELTA-SECNDS(Tl) 

WR I TE ( 5  » 1000 ) DELTA 

1000  FORMAT i / t  '  ELAPSED  TIME  =  'fF8.2»'  SECONDS'  * / > 

STOP 

END 

C  END  OF  FILE  FOR  PROGRAM  MICROHEX 

C - 

c  abrupt:  written  by  richard  j.  Phillips,  abrupt 

C  COMPUTES  THE  ENTRANCE  AND  EXIT  PRESSURE  LOSS  COEFFICIENTS . 

C  THE  POLYNOMIAL  EOUATIONS  FOR  KC  AND  KE  WERE  OBTAINED  FROM 

C  FIGURES  2.10  AND  2.11  USING  HP-41C  PROGRAMS  (SUM)POLYC 

C  AND  (SUM)LIN.  THE  CIRCULAR-TUBE »  TURBULENT  FLOW  EQUATIONS 

C  WERE  OBTAINED  FOR  RE«5000t  AND  THE  PARALLEL-PLATE  t  TURBULENT 

C  -FLOW  EOUATIONS  WERE  OBTAINED  FOR  RE=10000.  NOTE  THAT  THE 

C  POLYNOMIAL  EQUATIONS  ARE  FOR  LPLUS « X / DE*RE  BECAUSE  THE  FACTOR 

C  OF  FOUR  HAS  BEEN  USED  TO  OBTAIN  THE  LPLUS  =  .05»  .025>  AND 


C  .0123  VALUES. 

c - 

C  ANALYSIS  VARIABLES 

C  A  v  AA  *  AAA  .  DUMMY  CALCULATION  VARIABLES  (-) 

C  ACBYAP  ...  RATIO  OF  FREE-FLOW  TO  FRONTAL  CROSS-SECTIONAL* 

C  AREAS  <-> 

C  ASPECT  ...  CHANNEL  ASPECT  RATIO  (-> 

C  I  FLO W  ...  FLOW  REGIME  INDICATOR  <-) 

C  IKLOSS  ...  CONTROL  FOR  INCLUDING  K90 »  KCf  AND  KE  (-) 

C  KC  ...  ENTRANCE  PRESSURE  LOSS  COEFFICIENT  (-> 

C  KC XXX  ...  ENTRANCE  PRESSURE  LOSS  COEFFICIENT  AT 

C  LPLUS-. XXX  (-) 

C  KE  ...  EXIT  PRESSURE  LOSS  COEFFICIENT  (-) 

C  KE X XX  ...  EXIT  PRESSURE  LOSS  COEFFICIENT  AT  LPLUS=.XXX  <-) 

C  K90  ...  NINETY  DEGREE  BEND  PRESSURE  LOSS  COEFFICIENT  (-) 

C  LPLUS  ...  HYDRODYNAMIC  ENTRY  LENGTH  (-) 

C - - - 


SUBROUTINE  ABRUPT ( ACBYAP  r ASPECT  » I  FLOW » I KLOSS  »  K  C  > KE  p  K90  »  LPLUS ) 
REAL  KCfKC03»KC023fKC0123*KE  »KE05»KE025 »KEO 123 »K90» LPLUS 

C  CHECK  IF  K90  »  KC »  AND  KE  ARE  TO  BE  ZERO 
I F ( IKLOSS. NE.O)GO  TO  10 
K90-0. 

KC *0  . 

KE -0  . 

RETURN 

10  CONTINUE 

C  LOSS  COEFFICIENTS  ARE  TO  BE  COMPUTED 
K90  =  1  .  2 
A  =  AC  B Y  AP 
A A*At ACBYAP 
AAA=AA*ACBYAP 

C  DETERMINE  IF  CIRCULAR  TUBE  OR  PARALLEL  PLATE  COEFFICIENTS  ARE  USED 
IF< (ASPECT .LE .0. 1 ) .OR. (ASPECT .GE. 10 .) )G0  TO  1000 
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c 

csitttsttstmti 

C  CIRCULAR  TUBES 
c*************** 

C  DETERMINE  FLOW  REGIME 

IF  < IFL0U.EQ.2)G0  TO  500 
C  LAMINAR  FLOU 

IF<<LPLUS. LT. 0.05) .AND. (LPLUS.GE. 0.025) )G0  TO  100 
IF< <LPLUS.LT. 0.025) .AND. (LPLUS.GE. 0.0125) >G0  TO  200 
IF<LPLUS.LT.0.0125)GO  TO  300 
C  LPLUS>-0 . 0  5 

KC  - 1 .0600-0. 4000  $ A 

KE-O. 9998-2. 6248*A+0 . 8958* A A+0 . 0694*AAA 
RETURN 

100  CONTINUE 
C  0 .05<LPLUS>*0. 025 

KC05-1 .0600-0. 4000*A 
KC 025*1 .0000 -0.4000* A 

KE05*0 . 9998-2 . 6248* A+0 . 8958* A A+ 0 . 0694*AAA 

KE025 *0 . 9973-2 . 6089*A+1 . 0903* AA-0 . 0810* AAA 

FACTOR* <  0 .05-LPLUS) /O. 025 

KC*<KC025-KC05)*FACTOR+KC05 

KE-<KE025-KE05)*FACTOR+KE05 

RETURN 

200  CONTINUE 
C  0 .025<LPLUS>*0 .0125 

KC025* 1 . 0000-0 .400 0*A 
KCO  125-0 . 8800-0 .4000* A 

KEO 25 -0.9973-2. 6089*A+1 . 0903* A A-0 , 0810* AAA 

KEO 125-1 . 0006-2. 44 14* A+0 .8790* A A+0 . 0926* AAA 

FACTOR* <0 .025-LPLUS)/0. 0125 

KC*(KC0125-KC025)*FACTOR+KC025 

KE-  (KE0125-KE025XFACTOR  +  KE0  25 

RETURN 

300  CONTINUE 
C  LPLUS<0 .0125 

KC-O. 8800-0. 4000*A 

KE  *  1 . 0006-2 . 44  14* A  +  0 , 8790 *AA+0 . 0926* AAA 
RETURN 

500  CONTINUE 
C  TURBULENT  FLOU 

KC  *0 . 5200-0. 4000*A 

KE-1 .0000-2.  1 000*  A  + 1 . 0000* A A+0 . 0000* AAA 
K90»<1.70-KC-KE)/(2.*ACBYAP*ACBYAP) 

RETURN 

C 

1000  CONTINUE 
C*************** 

C  INFINITE  PARALLEL  PLATES 
C*************** 

C  DETERMINE  FLOU  REGIME 

IF  < IFL0U.EQ.2)G0  TO  1500 
C  LAMINAR  FLOU 

KC-O. 7990+0. 0392*A-0. 4439*AA+0. 0058* AAA 
KE-1 . 0009-2 . 4  356*A+1 .  1 171 *AA-0 . 0  8 10* AAA 
RETURN 

1500  CONTINUE 
C  TURBULENT  FLOU 

KC=0. 4604+0 .0362*A-0.4841*AA+0. 0579*AAA 
KE =0,99 93-2. 0226*A+0. 9152* AA+ 0.0 521 *AAA 
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RETURN 

END 

C  END  OF  FILE  FOR  SUBROUTINE  ABRUPT 


C  sffd: 

C 

C 

c - 

C  ANALYS 
C  A 
C 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c- 


URITTEN  BY  RICHARD  J.  PHILLIPS.  SFFD  COMPUTES  THE  SMOOTH- 
CHANNEL  COOLANT  VELOCITY  AND  OTHER  ANALYSIS  VARIABLES 
ASSUMING  FULLY  DEVELOPED  FLOU  FOR  ALL  CHANNEL  WIDTHS. 


AC  BY  AP 

ASPECT 

B'C 

DE 

DELP 

DUMPHI 

E 

FACT 

F  AP  P 

ICONS 

I  FLOU 

IKLOSS 

KC 

KE 

K90 

L 

LPLUS 

MUFILA 


MUFLLA 


MUFLUL 

MUFLUX 

NCHAN 

NPARAL 

PPOUER 

PRFLUL 

PRFLUX 

REL 

REX 

RHOFLL 
RHOFLX 
V 1  CL 
V1CX 
VOLUME 

WC 

UU 

X 

XSTARL 

XSTARX 

z 


IS  VARIABLES 

INTERMEDIATE  DUMMY  VARIABLE  FOR  FIXED  PRESSURE 
DROP  CONSTRAINT 

RATIO  OF  FREE-FLOU  TO  FRONTAL  CROSS-SECTIONAL 
AREAS  < 

CHANNEL  ASPECT  RATIO  < 

INTERMEDIATE  DUMMY  VARIABLES  FOR  FIXED  PRESSURE 


( M*2/S*2 ) 

• ) 

) 


DROP  CONSTRAINT  <-> 

HYDRAULIC  DIAMETER  <M) 

PRESSURE  DROP  <N/M*2) 

FRICTION  FACTOR  CORRECTION  FOR  CHANNEL  SHAPE  (-) 

INTERMEDIATE  DUMMY  VARIABLE  FOR  FIXED  PRESSURE 

DROP  CONSTRAINT  (S/M) 

VARIABLE  PROPERTIES  COMPENSATION  FACTOR  (-) 

APPARANT  FRICTION  FACTOR  <-> 

COOLANT  FLOU  CONSTRAINT  <-> 

FLOU  REGIME  INDICATOR  (-) 

CONTROL  FOR  INCLUDING  K90t  KC  AND  KE  (-) 

ENTRANCE  PRESSURE  LOSS  COEFFICIENT  (-) 

EXIT  PRESSURE  LOSS  COEFFICIENT  (-) 

NINETY  DEGREE  BEND  PRESSURE  LOSS  COEFFICIENT  (-) 
CHANNEL  LENGTH  (M) 

HYDRODYNAMIC  ENTRY  LENGTH  (-) 

AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 

CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S) 

AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  EXIT 
COOLANT  DYNAMIC  VISCOSITY  AT  CHANNEL  EXIT 
COOLANT  DYNAMIC  VISCOSITY  AT  POSITION  X 
NUMBER  OF  CHANNELS  PER  CENTIMETER  CHIP  WIDTH 
NUMBER  OF  CHANNELS  IN  SERIES  PER  CENTIMETER 
PUMPING  POWER  PER  UNIT  CIRCUIT  SURFACE  AREA 
COOLANT  PRANDTL  NUMBER  AT  CHANNEL  EXIT 
NUMBER  AT  POSITION  X 
AT  CHANNEL  EXIT 
AT  POSITION  X 
AT  CHANNEL  EXIT 
COOLANT  DENSITY  AT  POSITION  X 
COOLANT  FLOU  VELOCITY  AT  CHANNEL  EXIT 
COOLANT  FLOW  VELOCITY  AT  POSITION  X 
COOLANT  FLOU  RATE  PER  UNIT 

CIRCUIT  SURFACE  AREA  (<M* 

CHANNEL  WIDTH  ( 

FIN  WIDTH  ( 

POSITION  FROM  CHANNEL  ENTRANCE  ( 

THERMAL  ENTRY  LENGTH  AT  CHANNEL  EXIT  ( 

THERMAL  ENTRY  LENGTH  AT  POSITION  X  ( 

FIN  HEIGHT  ( 


COOLANT  PRANDTL 
REYNOLDS  NUMBER 
REYNOLDS  NUMBER 
COOLANT  DENSITY 


KG/M  S) 
KG/M  S) 
KG/M  S) 

-  ) 

-  ) 

W/CM  *  2  ) 

-  ) 

-  ) 

-  ) 

-  ) 

KG/M*3 ) 
KG/M*  3 ) 

M/S  ) 

M/S  ) 

3/S  )  /CM*2 ) 

M) 

M  ) 

M  ) 

-  ) 

-  ) 

M) 


SUBROUTINE  SFFDC I  FLOW, UU,UC>  Z>L>  X> DE> ASPECT >  AC B YAP 
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oooo  no  n  o  oonnoon 


&  RHOFLL»RHOFLX»MUFLUL  »MUFLUX»MUFLLA » MUFILAf 

t  PRFLULfPRFLUXf IKLOSS» ICONS  f  DELP »  VOLUME  *  P POWER  » 

t  RELfREX»VlCL»VlCXfLPLUS»FAPPfXSTARL»  XSTARX  > 

REAL  KCrKE»K90tLfLPLUSfMUFLL At MUFILAf MUFLUL* MUFLUX » NCHAN f NPARAL 
C  DETERMINE  SOLUTION  METHOD  -  NO  SOLUTION  IS  GIVEN  FOR  FIXED  PUMPING 
C  POWER 

IF  < ICONS . EQ . 2 ) GO  TO  200 
IF  < ICONS. EQ.3)RETURN 

<<<<<<<<<<<<<<<<<<<<<<<<<<<<< 
t  PRESSURE  DROP  FIXED  * 
ttttttttttttttttttttttttttttt 

NONUNIFORM  PROPERTIES  -  EQN .  2.24 
FACT»<MUFILA/MUFLLAX<0. 58 
CORRECTION  FOR  DUCT  SHAPE  -  EQN.  2.3 

DUMPH I  *  <  2 . /3 .  >  +  <  11  ./24.  > * < UC/Z > * < 2 . - < UC/Z > ) 

CALL  ABRUPT < ACBYAPf ASPECT# IFLOWr IKLOSSf KCrKE  fK90. 9999. ) 

COMPUTE  REYNOLDS  NUMBER  -  EQN.  4.18 
A*DELP<2  » 1 1 . /RHQFLL 

B*  <  <ACBYAP<ACBYAP<2. <K90 > + < KC+KE > ) 

C*<4. <L/DE> << 16. /DUMPH I XFACT 
E*RHOFLL<DE/MUFLUL 
IF  <  IKLOSS.NE.O) 

IREL*  <  <  -1  •  <C>  +  <  <CtC>+<  4.<A<B<E<E>  >  >/<  2.  <B> 

I  F  <  IKLOSS.EQ.O) 

IREL-A<E<E/C 
COMPUTE  MISC.  STUFF 
V 1  CL  *REL/E 

V1CX-V1CL<RH0FLL/RH0FLX 
REX*RHQFLX<V1CX<DE/MUFLUX 
XSTARL-L/  <DE<REL<PRFLUD 
XSTARX*X/ <DE<REX<PRFLUX ) 

LPLUS*L/<DE<REL) 

COMPUTE  FULLY  DEVELOPED  FRICTION  FACTOR 
F  APP*  < 16. /<  DUMPHItREL) XFACT 
COMPUTE  FLOW  STUFF 

NCHAN*0  «01/(UU+UC> 

NPARAL  *0 . 0 1 /L 

VOLUME*  <  VI  CL <UC<Z ) < ( NCHAN< NPARAL  > 

PPOUER*DELP< VOLUME 
RETURN 

<<<<<<<<<<<<<<<<<<<<<<<<<<<<<< 

<  VOLUMETRIC  FLOW  RATE  FIXED  < 
<<<<<<<<<<<<<<<<<<<<<<<<<*<**< 

C 

200  CONTINUE 

C  NONUNIFORM  PROPERTIES  -  EQN.  2.24 
F ACT»  <  MUF ILA/MUFLL A  > <<0 • 58 
C  CORRECTION  FOR  DUCT  SHAPE  -  EQN.  2.3 

DUMPH I  3  <  2 . /3 ♦ )  +  <ll./24. ) < < UC/Z ) < < 2 . - < UC/Z ) ) 

CALL  ABRUPT < ACBYAPf ASPECT# I  FLOW# IKLOSS » KC » KE f K90 »  99  9  9 .  ) 

C  COMPUTE  COOLANT  VELOCITY  -  EQN.  4.19 

V 1  CL =VOLUME< 10000 ♦ <L <  <  WU  +  UC  > / <  UC< Z  ) 

C  COMPUTE  MISC.  STUFF 

REL*RH0FLL<V1CL<DE/MUFLUL 
V1CX*V1CL<RH0FLL/RH0FLX 
REX*RH0FLX<V1CX<DE/MUFLUX 
XSTARL*L/ <  DE<REL*PRFLUL ) 
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n  o  o  o 


XSTARX-X/(DE*REX*PRFLUX> 

LPLUS-L/<DE*REL ) 

C  COMPUTE  FULLY  DEVELOPED  FRICTION  FACTOR 
FAPP»(1<S./(DUMPHI*REL>  )*FACT 
C  COMPUTE  PRESSURE  DROP  -  EQN.  2.9 
DELP«(RHOFLL*VlCL*VlCL/2. )* 

t  <<ACBYAP*ACBYAP*2.*K90)+<KC+KE>+(4.*FAPP*FACT*L/DE> ) 

PPOWER-DELP*VOLUME 
RETURN 
END 

END  OF  FILE  FOR  SUBROUTINE  SFFD 


slamf:  written  by  richard  j.  Phillips,  slamf  computes  the 

SMOOTH-CHANNEL  COOLANT  VELOCITY  AND  SOME  OTHER  ANALYSIS 
C  VARIABLES  FOR  FULLY  DEVELOPED/DEVELOPING  LAMINAR  FLOW. 

c - - 

C  ANALYSIS  VARIABLES 

C  A  ...  INTERMEDIATE  DUMMY  VARIABLE  FOR  FIXED  PRESSURE 

C  DROP  CONSTRAINT  <M*2/S*2> 

C  ACBYAP  ...  RATIO  OF  FREE-FLOU  TO  FRONTAL  CROSS-SECTIONAL 
C  AREAS  (-) 

C  ASPEC  ...  ARRAY  OF  CHANNEL  ASPECT  RATIOS  FOR  FAPRE  (-) 

C  ASPECT  ...  CHANNEL  ASPECT  RATIO<FIN  LENGTH/CHANNEL  WIDTH) ( - > 

C  B1.B2  ...  Y  -  INTERCEPTS  FOR  LPLUS  LOCATION  (-) 

C  B • C  ...  INTERMEDIATE  DUMMY  VARIABLES  FOR  FIXED  PRESSURE 

C  DROP  CONSTRAINT  (-) 

C  DE  ...  CHANNEL  HYDRAULIC  DIAMETER  <M> 

C  DELP  ...  PRESSURE  DROP  <N/M*2> 

C  DUMF  ...  ARRAY  OF  INTERMEDIATE  FAPPRE  VALUES  (-) 

C  E  ...  INTERMEDIATE  DUMMY  VARIABLE  FOR  FIXED  PRESSURE 

C  DROP  CONSTRAINT  (S/M) 

C  ELARGE  ...  ERROR  OF  EQUATION  4.18  USING  VLARGE  (-> 

C  EMED  ...  ERROR  OF  EQUATION  4.18  USINO  VMED  <-> 

C  ERROR  ...  RELATIVE  ERROR  BETWEEN  VLARGE  AND  VSMALL  (-) 

C  ESMALL  ...  ERROR  OF  EQUATION  4.18  USING  VSMALL  (-) 

C  FACT  ...  VARIABLE  PROPERTIES  COMPENSATION  FACTOR  (-) 

C  FACTOR  ...  INTERPOLATION  DUMMY  VARIABLE  (-> 

C  FAPP  ...  APPARANT  FRICTION  FACTOR  (-) 

C  FAPRE  ...  APPARANT  FRICTION  FACTOR  AND  RE  PRODUCT  DATA  (-) 

C  FAPPRE  ...  FLOW  APPARANT  FRICTION  FACTOR  AND  RE  PRODUCT  (-) 

C  ICONS  ...  COOLANT  FLOW  CONSTRAINT  (-) 

C  IFLOW  ...  FLOW  REGIME  INDICATOR  (-) 

C  IKLOSS  ...  CONTROL  FOR  INCLUDING  K90.  KC .  AND  KE  (-) 

C  KC  ...  ENTRANCE  PRESSURE  LOSS  COEFFICIENT  (-) 

C  KE  ...  EXIT  PRESSURE  LOSS  COEFFICIENT  (-) 

C  K90  ...  NINETY  DEGREE  BEND  PRESSURE  LOSS  COEFFICIENT  (-> 

CL  ...  CHANNEL  LENGTH  ( M  ) 

C  LLPLUS  ...  ARRAY  OF  MOMENTUM  ENTRY  LENGTH  DATA  FOR  FAPRE  (-) 

C  LOOP  ...  DUMMY  COUNTER  <-> 

C  LPLUS  ...  MOMENTUM  ENTRY  LENGTH  (-) 

C  MUFILA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
C  AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S) 

C  MUFLLA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
C  AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S) 

C  MUFLUL  ...  COOLANT  DYNAMIC  VISCOSITY  AT  CHANNEL  EXIT  (KG/M  S) 

C  MUFLUX  ...  COOLANT  DYNAMIC  VISCOSITY  AT  POSITION  X  (KG/M  S) 

C  NCHAN  ...  NUMBER  OF  CHANNELS  PER  CENTIMETER  CHIP  UIDTH  (-) 

C  NPARAL  ...  NUMBER  OF  CHANNELS  IN  SERIES  PER  CENTIMETER 


197 


c 

CHIP  LENGTH 

(  ~  ) 

c 

PPOWER 

•  •  • 

PUMPING  POUER  PER  UNIT  CIRCUIT  SURFACE  AREA 

<U/CM*2  > 

c 

PRFLUL 

•  •  • 

COOLANT  PRANDTL  NUMBER  AT  CHANNEL  EXIT 

(-) 

c 

PRFLUX 

•  •  • 

COOLANT  PRANDTL  NUMBER  AT  POSITION  X 

(  -) 

c 

REL 

•  •  • 

REYNOLDS  NUMBER  AT  CHANNEL  EXIT 

(  -) 

c 

REX 

•  •  t 

REYNOLDS  NUMBER  AT  POSITION  X 

(-) 

c 

RE  1 f  RE2 

•  •  • 

ARRAYS  OF  INTERMEDIATE  REYNOLDS  NUMBERS 

c 

FOR  LOCATION  OF  THE  APPROPRIATE  LPLUS 

(-) 

c 

RHOFLL 

♦  •  • 

COOLANT  DENSITY  AT  CHANNEL  EXIT 

(KG/M*3) 

c 

RHOFLX 

t  #  • 

COOLANT  DENSITY  AT  POSITION  X 

<KG/M*3> 

c 

SLOPE  1 # 

2.  . 

SLOPES  FOR  LPLUS  LOCATION 

(-) 

c 

V 1  CL 

•  .  . 

COOLANT  FLOW  VELOCITY  AT  CHANNEL  EXIT 

(M/S) 

c 

V1CX 

•  •  • 

COOLANT  FLOU  VELOCITY  AT  POSITION  X 

(M/S) 

c 

VLARGE 

HIGH  ESTIMATE  OF  COOLANT  VELOCITY 

(M/S  > 

c 

VMED 

t  •  • 

NEU  ESTIMATE  OF  COOLANT  VELOCITY 

(M/S) 

c 

VOLUME 

tit 

COOLANT  FLOU  RATE  PER  UNIT  SURFACE  AREA 

(M*3/CM*2) 

c 

VSM ALL 

#  i  # 

LOU  ESTIMATE  OF  COOLANT  VELOCITY 

(M/S) 

c 

WC 

•  •  1 

CHANNEL  UIDTH 

(M) 

c 

ww 

♦  •  • 

FIN  THICKNESS 

(M  > 

c 

X 

•  •  1 

POSITION  FROM  CHANNEL  ENTRANCE 

(M) 

c 

XSTARL 

•  t  ♦ 

THERMAL  ENTRY  LENGTH  AT  CHANNEL  EXIT 

(-) 

c 

XSTARX 

•  •  • 

THERMAL  ENTRY  LENGTH  AT  POSITION  X 

(-  > 

c 

Z 

•  •  • 

FIN  HEIOHT 

(M) 

C-- - - - - - - 

SUBROUTINE  SL  AMF ( IFLOMfWWfWCfZfLfXfDEfASPECTfACBYAP# 
l  RHOFLLfRHOFLXfMUFLUIfMUFIUX  fMUFLLAfMUFILA f 

t  PRFIULfPRFLUX# IKLOSSf ICONS fDELPf VOLUME  fPPOUER  r 

X  RELfREXfVICL# VIC X# LPLUS #FAPPfXSTARL#XSTARX ) 

DIMENSION  FAPRE(3#19)#DUMF< 19) # LLPLUS < 19) #ASPEC<3) #RE1 ( 19) #RE2( 19) 
REAL  L#K90fKC  fKEf LLPLUS# LPLUS #MUFLULfMUFLUX  fMUFLLAfMUFILA  f 
t  NCHANrNPARAL 

C  DATA  FOR  FAPRE  #  LLPLUS #  AND  ASPEC  WERE  OBTAINED  FROM  TABLE  2.5, 

DATA  FAPRE/ 


X 

287. #142. f 1 42 . 

#142. #287. # 

X 

112.  Fill.  Fill. 

#111.  #112. # 

X 

67.5f66.0f  66 . 0 

#  66 . 1 #  67 . 5  # 

X 

33.0f51.8f31.8 

#  32  »  5  #  53 • 0  # 

X 

46.2#44.6f44.6 

#  4 5 • 3  #  46 • 2  # 

X 

42»1#39.9#40.0 

#  40 . 6  #  42 . 1# 

X 

40 . 4  f  38 . 0  r  38 . 2 

f38.9f40.4f 

X 

35 • 6  f  32 • 1 f  32 . 3 

#  33 • 3  #  35 . 6  # 

X 

32 • 4  #  28 • 6  f  29 • 1 

#  30 . 2  f  32 . 4  # 

X 

29 . 7  #  24 . 6  f  25 . 3 

#  26 . 7  f  29 . 7  # 

X 

28 . 2  f  2 2 . 4  f  2 3 . 2 

#  2  4 . 9  #  2  8 . 2  # 

X 

27.4f21.0f21.8 

f23.7f27.4f 

X 

27 • 1 f  20 • 0  f  20  •  8 

f  22 . 9  f  26 . 8  f 

X 

26.9f19.3f20.1 

#  22 . 4  f  26 . 4  # 

X 

26.7# 18.7f19.6 

#22.0#26. 1 f 

X 

26.5# 1 8  •  2  f 1 9 •  1 

#  21 . 7  #  25 . 8  f 

X 

26.2f17.8f18.8 

#21 . 4  #  25 • 6  # 

X 

24,7f15.8#17.0 

f  20 • 1 #  24 • 7  # 

X 

24.0f14.2f15.5 

#19.1f24,0/ 

DATA  LLPLUS/ O.OOOOOOl #  .00  If .003# .005f  .  007 f  , 009 # . 0 1 f  , 01 5 . 

X  .02f  *03f  .  04  #  *05»  ♦  06  f .07f .OBf  .  09  f * 10  f  0 • 20  f 1 • / 

DATA  ASPEC/O . 1 # 1 . #2. #5. # 10./ 

C  INTERPOLATION  BETWEEN  COLUMNS  OF  FAPPRE  AT  PROPER  CHANNEL  ASPECT  RATIO 
C 

IF ( ASPECT , GT .ASPECC 1 ) ) 00  TO  10 
C  SMALL  ASPECT  RATIO  CHANNELS 
DO  5  11*1  f  19 
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DUMF ( 1 1  )  *F APRE  < 1  »  II  > 

CONTINUE 
GO  TO  50 
10  CONTINUE 

IF(ASPECT.LT.ASPEC<5)  )G0  TO  20 
C  LARGE  ASPECT  RATIO  CHANNELS 
DO  15  II-l r 1? 

DUMF ( II )-FAPRE(5> II ) 

15  CONTINUE 

GO  TO  50 

C  MODERATE  ASPECT  RATIO  CHANNELS 
20  CONTINUE 

DO  30  I  ■  1  r  4 

IF << ASPECT . GE  .ASPEC < I )) .AND.  (ASPECT . LT  .  ASPEC(  I +  1 >)  )G0  TO  40 
30  CONTINUE 

40  CONTINUE 

FACTQR*(ASPECT-ASPEC( I ) )/< ASPEC ( 1  +  1 )-ASPEC ( I ) ) 

DO  45  I  1-1  f  19 

DUMF ( I  I ) -FACTOR* (FAPREC I  +  1  *  II ) - F A P R E C I , 1 1 ) ) +  F APRE ( I » I  I > 

45  CONTINUE 

50  CONTINUE 

C 

C  DETERMINE  COOLANT  FLOW  RATE  CONSTRAINT 
C  1)  DELP  FIXED 

I F ( ICONS. EQ. 1 ) GO  TO  1000 
C  2)  VOLUME  FIXED 

IF< ICONS. EQ.2)G0  TO  2000 
C  3)  POWER  FIXED 

IF( ICONS. EQ.3)G0  TO  3000 
1000  CONTINUE 

C 

c  tmtttttftttttmtttitmttt 

C  *  PRESSURE  DROP  FIXED  * 

c  tmmtmtifitxtfttxtxtxtxx 

c 

C  THE  APPROPRIATE  LPLUS  WILL  BE  LOCATED  WHERE  RE  1  AND  RE 2  ARE  THE 
C  SAME.  IN  GENERAL  t  IF  LPLUS  IS  TOO  SMALL  r  RE  1  WILL  BE  LARGER  THAN 

C  RE 2 .  WHEN  THE  NEXT  VALUE  OF  LPLUS  RESULTS  IN  A  RE  1  THAT  IS  LESS 

C  THAN  RE2,  THE  CORRECT  VALUE  OF  LPLUS  HAS  BEEN  BRACKETED. 

C 

C 

C  NONUNIFORM  PROPERTIES  -  EQN.  2.24 
FACT*( MUFILA/MUFLLA )**0. 58 
DO  200  I  *  1 » 1 9  r  1 

C  DETERMINE  ENTRANCE  AND  EXIT  PRESSURE  LOSS  COEFFICIENTS 

CALL  ABRUPT  (  ACBYAP r ASPECT r I  FLOW  r I KLOSS  r  KC  r  K E  ,  K 90 , LL PL US (  I  )  ) 

C  REKI)  IS  DETERMINED  DIRECTLY  FROM  LLPLUS(I) 

RE  i  (  I  )*(L/DE)/LLPLUS(I ) 

C  RE2 ( I )  IS  OBTAINED  FROM  EQUATION  4.18  AT  LLPLUS ( I ) .  NOTE  THAT 

C  VS*2»A/< B+C/(EV) ) 

C  COMPUTE  REYNOLDS  NUMBER  -  EQN.  4.18 
A*  DEL P *2 . *  1 . /RHOFLL 
B*( ACBYAPIACBYAPS2 . IK90 )  +  <  KC  +  KE ) 

C»<4.*L/DE)*(DUMF( I ) tF  ACT ) 

E»RHOFLL*DE/MUFLUL 
I  F ( IKLOSS.NE.O) 

t  RE2< I >  * ( < -1 • *C  >  +  SQRT( (CSC )  +  <  4 • *ASB*E*E ) ) > / ( 2 • *B  > 

I  F ( IKLOSS.EQ.O) 
t  RE2 ( I  )»ASE*E/C 

IF(RE2<  I  >  .GT.REK  I  >  >G0  TO  300 
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CONTINUE 


200 
C 

C  IF  THE  PROGRAM  GETS  TO  THIS  POINT,  RE  1  AND  RE2  DO  NOT  CROSS . 

C  CAN  ONLY  HAPPEN  IF  THE  FLOW  IS  FULLY  DEVELOPED . 

C 

C  IF  < I .EQ*19)URITE< 11 » 202 ) 

202  FORMATS  CHECK  THAT  FLOW  IS  FULLY  DEVELOPED  AT  EXIT') 

REL*RE2< 19) 

LPLUS-L/(DE<REL) 

F  APPRE -DUMF  < 19) 

GO  TO  350 
300  CONTINUE 
C 

C  RE  1  AND  RE2  HAVE  CROSSED.  GENERATE  LINEAR  CURVES  TO  FIND  THE 
C  INTERSECTION.  THIS  IS  DONE  WITH  1/LPLUS  SO  THAT  LINEAR 
C  INTERPOLATION  GIVES  MORE  ACCURATE  RESULTS  AT  LARGE  LPLUS  VALUES 

C  THE  RESULTS  AT  SMALL  LPLUS'S  DON  * T  APPEAR  TO  BE  AFFECTED  BY  THE 

C  INTERPOLATION  METHOD. 

C 

SLOPE  1  * ( RE  1 < I )  -  RE  1 < I  - 1  ) )/( 1 . /LLPL  US ( I >-l ./LLPLUS < I-l  )  ) 

SL0PE2*  <  RE2  < I >-RE2< I-l) ) / < 1 . /LLPLUS ( I )-l ./LLPLUS < I-l ) ) 

B1-RE1  < I ) -SLOPE  1 /LLPLUS < I ) 

B2*RE2  < I )-SL0PE2/LLPLUS< I ) 

LPLUS- < B2-B1 )/(SL0PEl-SL0PE2) 

LPLUS-1 ./LPLUS 

C  INTERPOLATE  AT  APPROXIMATE  INTERSECTION  POINT 

FAPPRE  » ( <LPLUS-LLPLUS< I-l )) /(LLPLUS ( I) -LLPLUS < I-l ) ) ) 

I  t  <  DUMF ( I)-DUMF(I-l) )+DUMF(I-l) 

REL*(L/DE)/LPLUS 

C 

350  CONTINUE 
C  COMPUTE  MISC.  STUFF 
FAPP-FAPPRE/REL 
V1CL»<REL*MUFLUL)/(RH0FLL*DE ) 

VICX-VICLtRHOFLL/RHOFLX 
REX»RH0FLX*V1CX*DE/MUFLUX 
XSTARL-L/ ( DE*REL*PRFLUL ) 

XSTARX*X/<  DE*REX*PRFLUX) 

C  COMPUTE  FLOW  STUFF 

NCHAN-0.01/ (UW+UC ) 

NPARAL-0.01/L 

VOLUME- ( V1CL*UC*Z ) * < NCHAN*NPARAl ) 

PPOUER-VOLUME*DELP 

RETURN 

C 

2000  CONTINUE 
C 

C  ****************************** 

C  *  VOLUMETRIC  FLOW  RATE  FIXED  * 

C  ****************************** 

c 

C  COMPUTE  COOLANT  VELOCITY  -  EQN •  4.19 

VI  CL -VOLUME *10000  .  *<L*(UU+UC  )  )  /  (UC*2 ) 

C  COMPUTE  MISC.  STUFF 

REL-V1CL*RH0FLL*DE/MUFLUL 
LPLUS*(L/DE) /REL 
C 

C  INTERPOLATE  FAPPRE  AND  THE  DESIRED  LPLUS 

C 

DO  2200  1=1,18 


THIS 


200 


IF< (LPLUS . GE .LLPLUS < I >>. AND .< LPLUS . LT . LLPLUS < 1+ 1 >> >G0  TO  2300 
2200  CONTINUE 

IF( LPLUS.LT. LLPLUS(l) ) F APPRE -DUMF <  1) 

IF(LPLUS.OE .LLPLUS( 19) > FAPPRE-DUMF < 19) 

00  TO  2400 
2300  CONTINUE 

FAPPRE»< (LPLUS-LLPLUS  < I ) >/<LLPLUS< I  +  1 ) -LLPLUS  < I ) ) ) 
t  *  <  DUMP ( I  +  1)-DUHF(  I) )+DUMF(I) 

2400  CONTINUE 
C 

C  COHPUTE  OTHER  NUHBERS 

C 

fapp-fappre/rel 

V1CX-V1CL*RH0FLL/RH0FLX 
REX-RH0FLX*V1CX*DE/MUFLUX 
XSTARL»L/<  DE*REL*PRFLUL  ) 

XSTARX»X/( DE*REX*PRFLUX) 

C  DETERHINE  ENTRANCE  AND  EXIT  PRESSURE  LOSS  COEFFICIENTS 

CALL  ABRUPT ( ACBYAP, ASPECT. I  FLOW. IKLOSS , KC » KE  , K90 . LPLUS  ) 

C  NONUNIFORM  PROPERTIES  -  EON.  2.24 
FACT-(MUFILA/MUFLLA)**0.5B 
C  COMPUTE  PRESSURE  DROP  -  EON.  2.9 
DELP»<RH0FLL*VlCL*VlCL/2.  )* 
l< ( ACBYAP* ACBYAP*2 .*K90) +<KC+KE )+<4.*FAPP*FACT*L/DE>> 

C  COMPUTE  PUMPING  POWER 
PPOWER- VOLUME *DELP 
RETURN 
C 

3000  CONTINUE 
C 

C  ***************************** 

C  *  PUMPING  POUER  FIXED  * 

C  ***************************** 

c 

C  THE  APPROPRIATE  LPLUS  WILL  BE  LOCATED  WHERE  RE  1  AND  RE2  ARE  THE 
C  SAME.  IN  OENERAL,  IF  LPLUS  IS  TOO  SMALL  v  RE  1  UILL  BE  LARGER  THAN 

C  RE2 .  WHEN  THE  NEXT  VALUE  OF  LPLUS  RESULTS  IN  A  RE l  THAT  IS  LESS 

C  THAN  RE2 »  THE  CORRECT  VALUE  OF  LPLUS  HAS  BEEN  BRACKETED. 

C 

C  NONUNIFORM  PROPERTIES  -  EON.  2.24 
FACT-<MUFILA/MUFLLA>  **0 .58 
DO  3200  1-1,19.1 

C  DETERMINE  ENTRANCE  AND  EXIT  PRESSURE  LOSS  COEFFICIENTS 

CALL  ABRUPT ( ACBYAP, ASPECT, I FLOW,  IKLOSS , KC , KE , K90  .  LLPLUS ( I  )  > 

C  RE  1 <  I )  IS  DETERMINED  DIRECTLY  FROM  LLPLUS(I) 

RE1< I )*(L/DE) /LLPLUS ( I) 

C  RE2 ( I )  IS  OBTAINED  FROM  EQUATION  4.20  AT  LLPLUS(I). 

C  NOTE  THAT  V* * 3- A/ ( B  +  C/ ( EV ) ) 

C  COMPUTE  REYNOLDS  NUMBER  -  EON .  4.20 

A- (PPOWER* 10000 . *2 . *1 . /RHOFLL  )*(L*(UU  +  UC)/(UC*2)) 

B»< ACBYAP* ACBYAP *2  .  *K90>  +  <  KC  +  KE  ) 

C» ( 4 . *L/DE ) * ( DUMF ( I >*FACT ) 

E» RHOFLL* DE/HUFLUL 
IF ( IKLOSS. EQ.O) 

RE2(I)-SQRT(A*E*E*E/C) 

IF( IKLOSS. EQ.O)GO  TO  3190 
C 

C  TRIAL  AND  ERROR  SOLUTION  FOR  VIC  AT  LLPLUS(I).  NOTE  THAT 

C  EQUATION  4.20  GIVES  V**3-A/(B  +  C/(EV) )  , 

C  AND  ERR0R  =  B*V**3+ < C/E  )  *V**2- A . 
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C  VLARGE!  ASSUMES  K90-KC-KE-0. 

VLARGE-SORT  < A*E/C  > 

ELARGE»< VLARGE*VLARGE*VLARGE*B> +< VLARGE*VLARGE*C/E > - A 
C  INITIAL  GUESS  OF  VSMALL  IS  VERY  SMALL 

VSMALL-O. OOOOl 

ESMALL»< VSMALL* VSMALL* VSMALL*B>+< VSMALL* VSMALL*C/E> -A 
C 

C  NOTE  THAT  VSMALL  GIVES  RHS<0»  AND  VLARGE  GIVES  RHS>Ot  AND 

C  THEREFORE  THE  SOLUTION  IS  SOMEWHERE  BETWEEN. 

C 

LOOP-O 

3110  CONTINUE 

LOOP-LOOP+1 
IF  (L00P.E0.20)ST0P 
VMED*  (VLARGE  +  VSMALD/2. 

EMED*( VMED*VMED*VMED*B>+ ( VMED*VMED*C/E ) -A 
IF ( EMED . GT . 0 . )G0  TO  3150 
C  UPDATE  VSMALL 

VSMALL-VMED 

ERROR* ABS ( (VLARGE-VSMALL) /VMED) 

IF(ERROR.LT. 0.0001 )G0  TO  3155 

ESMALL-EMED 

GO  TO  3110 

C  UPDATE  VLARGE 

3150  CONTINUE 

VLARGE-VMED 

ERROR*A  BS ( ( VLARGE- VSMALL > /VMED ) 

IF(ERROR.LT. 0.0001 )G0  TO  3155 
ELARGE-EMED 
GO  TO  3110 
3155  CONTINUE 
C 

C  THE  COOLANT  VELOCITY  IS  APPROXIMATELY  KNOWN  FOR  THIS  LLPLUS(I) 

C 

RE2(  I  )*RHOFLL*DE*  (  (VLARGE  +  VSMALD/2  .  )  /  MUFLUL 
3190  CONTINUE 

IF(RE2( I) .GT.RE1 < I > )G0  TO  3220 
3200  CONTINUE 
C 

C  IF  THE  PROGRAM  GETS  TO  THIS  POINTr  RE  1  AND  RE2  DO  NOT  CROSS.  THIS 

C  CAN  ONLY  HAPPEN  IF  THE  FLOW  IS  FULLY  DEVELOPED. 

C 

C  IF(I.EQ.19)WRITE(11»3202) 

3202  FORMAT ( '  CHECK  THAT  FLOW  IS  FULLY  DEVELOPED  AT  EXIT') 

REL-RE2< 19) 

LPLUS-L/C  DE*REL> 

FAPPRE*DUMF< 19) 

GO  TO  3350 
3220  CONTINUE 
C 

C  RE  1  AND  RE2  HAVE  CROSSED.  GENERATE  LINEAR  CURVES  TO  FIND  THE 
C  INTERSECTION.  THIS  IS  DONE  WITH  1/LPLUS  SO  THAT  LINEAR 
C  INTERPOLATION  GIVES  MORE  ACCURATE  RESULTS  AT  LARGE  LPLUS  VALUES. 

C  THE  RESULTS  AT  SMALL  LPLUS'S  DON'T  APPEAT  TO  BE  AFFECTED  BY  THE 

C  INTERPOLATION  METHOD. 

C 

SLOPE  1  =  ( RE  1 (I)-RE1(I-1))/(1./LLPLUS(I)-1./LLPLUS(I-1)) 

SL0PE2* ( RE2 ( I)-RE2(I-1))/(1./LLPLUS(I)-1./LLPLUS<I-1>> 

B  1  *RE 1 ( I > -SLOPE  1 /LLFLUSC I ) 


202 


n  n  n 


B2-RE2< I )-SL0PE2/LLPLUS( I ) 

LPLUS- <  B2-B1 ) / (SLOPE 1-SLOPE2 ) 

LPLUS- 1 . /LPLUS 

C  INTERPOLATE  AT  APPROXIMATE  INTERSECTION  POINT 

FAPPRE- ( (LPLUS-LLPLUS(I-l) )/<LLPLUS< I ) -LLPLUS ( I -  1 ) ) ) 

I  *  <  DUMF ( I ) -DUMF  < 1-1 ) ) +DUMF ( 1-1 ) 

REL-(L/DE)/LPLUS 

COMPUTE  OTHER  NUMBERS 

3330  CONTINUE 
C  COMPUTE  MISC.  STUFF 

CALL  ABRUPT ( ACBYAP r ASPECT ,IFLOU»IKLOSS»KC.KE»K?O.LPLUS) 

FAPP-FAPPRE/REL 

V1CL-(REL*MUFLUL>/(RH0FLL*DE> 

V1CX»V1CL*RH0FLL/RH0FLX 
REX-RH0FLX*V1CX*DE/MUFLUX 
XSTARL»L/<  DE*REL*PRFLUL ) 

XSTARX-X/(DE*REX*PRFLUX> 

C  COMPUTE  COOLANT  FLOW  STUFF 

DELP»(RH0FLL*VlCL*VlCL/2 .)*<(ACBYAP*ACBYAP*2.*K90)+<KC+KE> 

X  +<4.*FAPP*FACT*L/DE>  ) 

NCHAN-0.01/(WW+WC> 

NPARAL-0.01/L 

VOLUME- < V1CL*WC*Z ) * ( NCHAN*NP ARAL ) 

RETURN 

END 

C  END  OF  FILE  FOR  SUBROUTINE  SLAMF 

C - - - 

c  sturf:  written  by  richard  j.  Phillips,  sturf  computes  the 

C  SMOOTH-CHANNEL  COOLANT  VELOCITY  AND  SOME  OTHER  ANALYSIS 

C  VARIABLES  FOR  FULLY  DEVELOPED/DEVELOP  I NG  TURBULENT  FLOW. 

c - - 

C  ANALYSIS  VARIABLES 

C  Air  A2 1 A3 . .  DUMMY  ANALYSIS  VARIABLES  FOR  EQUATION  A. 18  <-> 

C  ArB  ...  DUMMY  ANALYSIS  PARAMETERS  FOR  EQUATION  2.6  <-) 

C  ACBYAP  ...  RATIO  OF  CHANNEL  AND  PLENUM  CROSS-SECTIONAL 

C  AREAS  (-) 

C  ASPECT  ...  CHANNEL  ASPECT  RATIO  (-) 

C  DE  ...  CHANNEL  HYDRAULIC  DIAMETER  (M) 

C  DELP  ...  ASSUMED  CHANNEL  PRESSURE  LOSS  <N/M*2> 

C  DLE  ...  LAMINAR  EQUIVALENT  DIAMETER  (ONLY  FOR  RESTAR)  <-) 

C  ELARGE  ...  ERROR  OF  EQUATION  4.18  USING  VLARGE  (-) 

C  EMED  ...  ERROR  OF  EQUATION  4.18  USING  VMED  (-) 

C  ERROR  ...  RELATIVE  ERROR  BETWEEN  VLARGE  AND  VSMALL  (-) 

C  ESMALL  ...  ERROR  OF  EQUATION  4.18  USING  VSMALL  (-) 

C  FACT  ...  VARIABLE  PROPERTIES  COMPENSATION  FACTOR  (-) 

C  FAPP  ...  APPARANT  FRICTION  FACTOR  (-) 

C  ICONS  ...  CONTROL  FOR  WHICH  FLOW  CONSTRAINT  IS  USED  (-) 

C  IFLOW  ...  ACTIVE  LOOP  INDICATOR  FOR  FLOW  REGIME  (-) 

C  IKLOSS  ...  CONTROL  FOR  INCLUDING  K90.  KCr  AND  KE  (-) 

C  KC  ...  ENTRANCE  PRESSURE  LOSS  COEFFICIENT  <-) 

C  KE  ...  EXIT  PRESSURE  LOSS  COEFFICIENT  (-) 

C  K90  ...  NINETY  DEGREE  BEND  PRESSURE  LOSS  COEFFICIENT  < -- > 

CL  ...  CHANNEL  LENGTH  <M> 

C  LOOP  ...  DUMMY  COUNTER  (-) 

C  LPLUS  ...  MOMENTUM  ENTRY  LENGTH  (-) 

C  MUFILA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 

C  AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S) 
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MUFLLA 

•  •  t 

AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  EXIT 

(KG/M  S) 

MUFLUL 

•  •  t 

COOLANT  DYNAMIC  VISCOSITY  AT  CHANNEL  EXIT 

(KG/M  S) 

MUFLUX 

•  •  • 

COOLANT  DYNAMIC  VISCOSITY  AT  POSITION  X 

(KG/M  S) 

NCHAN 

•  •  • 

NUMBER  OF  CHANNELS  PER  CENTIMETER  CHIP  WIDTH 

(  -> 

NP ARAL 

ft* 

NUMBER  OF  CHANNELS  IN  SERIES  PER  CENTIMETER 
CHIP  LENOTH 

(  -  > 

PPOUER 

ft* 

COOLANT  PUMPING  POWER  PER  UNIT  SURFACE  AREA 

(U/CM*2 ) 

PRFLUL 

•  •  • 

COOLANT  PRANDTL  NUMBER  AT  CHANNEL  EXIT 

(-> 

PRFLUX 

t  t  • 

COOLANT  PRANDTL  NUMBER  AT  POSITION  X 

(-  > 

REL 

ft# 

REYNOLDS  NUMBER  AT  CHANNEL  EXIT 

(-> 

REX 

•  ft 

REYNOLDS  NUMBER  AT  POSITION  X 

(  -  > 

RESTAL 

t  •  t 

MODIFIED  REYNOLDS  NUMBER  AT  CHANNEL  EXIT 

(  -  > 

RESTAX 

t  t  t 

MODIFIED  REYNOLDS  NUMBER  AT  POSITION  X 

<-> 

RHOFLL 

•  ft 

COOLANT  DENSITY  AT  CHANNEL  EXIT 

(KG/M*3> 

RHOFLX 

t  •  t 

COOLANT  DENSITY  AT  POSITION  X 

(KG/M*3> 

V 1CL 

•  ft 

COOLANT  FLOW  VELOCITY  AT  CHANNEL  EXIT 

(M/S) 

V1CX 

t  t  t 

COOLANT  FLOU  VELOCITY  AT  POSITION  X 

(M/S  ) 

VLAROE 

•  •  t 

HIGH  ESTIMATE  OF  COOLANT  VELOCITY 

(M/S  > 

VMED 

t  •  t 

NEW  ESTIMATE  OF  COOLANT  VELOCITY 

(M/S) 

VOLUME 

•  •  • 

COOLANT  FLOU  RATE  PER  UNIT  SURFACE  AREA 

(M*3/CM*2) 

USHALL 

•  ft 

LOU  ESTIMATE  OF  COOLANT  VELOCITY 

(M/S) 

UC 

t  t  • 

CHANNEL  UIDTH 

(M) 

UU 

ft# 

FIN  THICKNESS 

'(M) 

X 

•  •  t 

POSITION  FROM  CHANNEL  ENTRANCE 

(M  ) 

XSTARL 

•  •  t 

THERMAL  ENTRY  LENGTH  AT  CHANNEL  EXIT 

(-) 

XSTARX 

•  •  1 

THERMAL  ENTRY  LENOTH  AT  POSITION  X 

(-) 

Z 

ft# 

FIN  LENGTH 

(M) 

SUBROUTINE  STURF ( I  FLOW , UU . UC r Z > L . X . DE » DLE > ASPECT , ACB YAP , 

*  RHOFLL .RHOFLX  r MUFLUL  > HUFLUX  > MUFLLA > MUF ILA . 

*  PRFLUL  >  PRFLUX  t IKLOSS. I  CONS » DELP r VOLUME » PPOUER > 

*  REL>REX»RESTAL>RESTAX>V1CL> V1CX. LPLUS»FAPP, 

*  XSTARLiXSTARX) 

REAL  L»K90.KC»KE*LPLUS>MUFLUL>MUFLUX>MUFLLA»MUFILA.NCHANiNF'ARAL 

DETERMINE  COOLANT  FLOW  RATE  CONSTRAINT 

1)  DELP  FIXED 

IF<  ICONS. EQ. 1 >G0  TO  1000 

2)  VOLUME  FIXED 

IF( ICONS. EQ.2)G0  TO  2000 

3)  PUMPINO  POWER  FIXED 

IF(  ICONS. EQ.3)G0  TO  3000 
000  CONTINUE 

****** *********************** 

*  PRESSURE  DROP  FIXED  * 

mtmtmtmmummtti 

DETERMINE  ENTRANCE  AND  EXIT  PRESSURE  LOSS  COEFFICIENTS 

CALL  ABRUPT ( ACB YAP .ASPECT > I FLOW, IKLOSS . KC . KE  >  K90 . LF  LUS ) 

C  NONUNIFORM  PROPERTIES  -  EON.  2.24 
FACT-(MUFILA/MUFLLA>**0.23 

C  FRICTION  FACTOR  -  EON.  2.6  -  REMEMBER  THAT  B  IS  NEGATIVE 
A-0.09290-M  1 . 01612/ (L/DE) ) 

B=0.26800+(0.31930/(L/DE)  > 

C  CONSTANTS  FOR  PRESSURE  DROP  EQUATION  4.18 

C  NOTE  THAT  V* * 2= ( A  1 > / < A2  +  A3 * V* * ( - B >  > 

A  1 =DELP*2 . *  1 ./RHOFLL 
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A2*( ACBYAP*ACBYAP*2.*K90  >+ (KC  +  KE ) 

A3»<4.*L/DE)*A/< <RHOFLL*DLE/MUFLUL)**B) 

IF (  IKL0SS.EQ.0)V1CL»(A1/A3)**( 1 ./(2.-B) ) 

IF ( IKLOSS.EQ.O)GO  TO  300 

TRIAL  AHD  ERROR  ESTIMATION  OF  V1CL 

EQUATION  4.18  GIVES  V**2» < A1 ) / < A2+A34V** < -B > > 

WHICH  CAN  BE  REARRANGED  TO  ( V**2 > *A2+ < V** < 2-B > > *  A3- A  1 =0 . 

VLARGE:  ASSUMES  K90-KC-KE-0. 

VLARGE-I A1/A3  >**< 1 ./<2.-B> ) 

ELARGE-(VLARGE*VLARGE*A2)+( (VLARGE**(2.-B))*A3)-A1 
INITIAL  OUESS  OF  VSMALL  IS  VERY  SMALL 
VSMALL-0. 00001 

ESMALL»(VSMALL*VSMALL*A2>+< < VSMALL **< 2 .- B >  )*A3  )-Al 

NOTE  THAT  VSMALL  GIVES  RHS<0i  AND  VLARGE  GIVES  RHS>0.  THEREFORE 
THE  SOLUTION  IS  SOMEWHERE  BETWEEN. 

LOOP-O 

00  CONTINUE 

LOOP-LOOP+1 
IF (L00P.EQ.20)ST0P 
VMED-( VLARGE  +  VSMALL )/2  . 

EMED»(VMED*VMED*A2>+< (VMED**(2.-B))*A3)-A1 
I F ( EMED . GT . 0 .  >  GO  TO  200 
UPDATE  VSMALL 
VSMALL* VME  D 

ERROR* ABS ( ( VLARGE- VSMALL ) /VMED  ) 

IF(ERROR.LT .0.00001  )G0  TO  300 
ESMALL-EMED 
00  TO  100 
00  CONTINUE 

UPDATE  VLARGE 
VLARGE-VMED 

ERROR* ABS ( ( VLARGE-VSMALL ) /VMED  ) 

IF(ERROR.LT .0.00001  )G0  TO  300 
ELARGE-EMED 
00  TO  100 
00  CONTINUE 

I F ( IKL0SS.NE.0)VlCL*(VLARGE+VSMALL)/2. 

THE  COOLANT  VELOCITY  IS  APPROXIMATELY  KNOWN 

COMPUTE  MISC.  STUFF 

REL»RH0FLL*V1CL*DE/MUFLUL 
RESTAL-RH0FLL*V1CL«DLE/MUFLUL 
C  REMEMBER  THAT  B  IS  NEGATIVE 

FAPP»A/<RESTAL**B) 

LPLUS-(L/DE)/REL 

V1CX»V1CL*RH0FLL/RH0FLX 

REX»RH0FLX*V1CX*DE/MUFLUX 

RESTAX-RH0FLX*V1CX*DLE/MUFLUX 

XSTARL-L/(DE*REL*PRFLUL) 

XSTARX-X/(DE*REX*PRFLUX  ) 

C  COMPUTE  FLOW  STUFF 

NCHAN-0 .01/( WW  +  UC  ) 

NP-ARAL-0.01/L 

VOLUME- (V1CL*UC*Z)*(NCHAN*NPARAL) 

PPOWER“VOLUME*DELP 
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RETURN 


C 

2000  CONTINUE 


tumtitmmuitmtiumt 

*  VOLUMETRIC  FLOW  RATE  FIXED  * 

ttttttttttt ******************* 

NONUNIFORM  PROPERTIES  -  EON.  2.2  + 

FACT- <MUFILA/MUFLLA) **0.25 
COMPUTE  COOLANT  VELOCITY  -  EQN.  *.19 

V1CL-V0LUME*10000.*(L*(WW+WC) )/<UC*Z) 

COMPUTE  MISC.  STUFF 

REL-V1CL*RH0FLL*DE/MUFLUL 

REST  AL-V1CL*RH0FLL*DLE/MUFLUL 

LPLUS-<L/DE)/REL 

V1CX-V1CL*RH0FLL/RH0FLX 

REX-RH0FLX*V1CX*DE/MUFLUX 

RESTAX-RH0FLX*V1CX*DLE/MUFLUX 

XSTARL-L/ <DE<REL<PRFLUL ) 

XSTARX-X/(DE*REX*PRFLUX) 

DETERMINE  ENTRANCE  AND  EXIT  PRESSURE  LOSS  COEFFICIENTS 

CALL  ABRUPT <ACB YAP, ASPECT, I  FLOW, I KLOSS . KC , NE , N90 , LPLUS > 
DETERMINE  APPARENT  FRICTION  FACTOR  -  EQN.  2.6 
A-0. 09290+ < 1.01 612/ (L/DE) ) 

B-0. 26800+ <0.3 1930/ (L/DE) ) 

REMEMBER  THAT  B  IS  NEGATIVE 
FAPP-A/<RESTAL**B) 

DETERMINE  PRESSURE  DROP  -  EQN.  2.9 
DELP-<RH0FLL*VlCL*VlCL/2. )* 
t< <  <ACBYAP<<2 . )*2.*K90)+<KC+KE)+<+.*FAPP*FACT*L/DE) ) 
PPOWER-VOLUME*DELP 
RETURN 

100  CONTINUE 


***«*«« ******** <X ************ 

*  PUMPING  POWER  FIXED  * 
***************************** 

DETERMINE  ENTRANCE  AND  EXIT  PRESSURE  LOSS  COEFFICIENTS 

CALL  ABRUPT <ACB YAP, ASPECT, I FLOW, INLOSS , KC , NE , K90 , LPLUS ) 
NONUNIFORM  PROPERTIES  -  EQN.  2.2+ 

F ACT- <MUFILA/MUFLLA) **0.25 

COMPUTE  FRICTION  FACTOR  -  EQN.  2.6  -  REMEMBER  THAT  B  IS  NEGATIVE 
A-0.09290+< 1 .01612/<L/DE) ) 

B-0. 26800+ <0.31 930/ < L/DE) ) 

CONSTANTS  FOR  PRESSURE  DROP  EQUATION  4.20 
NOTE  THAT  V**3-<A1)/<A2  +  A3*V**<-B)  ) 

A 1 »  <  PP0WER*2 . *1 . /RHOFLL ) *  <  10000 . *L* < WW  +  UC )/< WC*Z ) ) 

A2-< ACBYAP*ACBYAP*2 . *K90 )  +  <  KC  +  KE  > 

A3-<+.*L/DE)*A/< < RHOFLL *DLE/MUFLUL)**B) 

IF < IKLOSS .EQ .0) VlCL-< A1/A3) **  < l./<3.-B) > 

IF <  IKLOSS.EQ.O)GO  TO  3300 

TRIAL  AND  ERROR  ESTIMATION  OF  VIC 

EQUATION  +.20  GIVES  V**3- < A1 ) / < A2+A3*V»* < -B ) ) 

WHICH  CAN  BE  REARRANGED  TO  < V**3 ) *A2+ < V** < 3-B ) ) *A3-A 1 =0 

VLARGES  ASSUMES  K90-KC-KE-0. 

VLARGE-< A1/A3 ) ** < 1  .  / <  3 . -B) ) 
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EL ARGE *<  VLARGE* VLARGE* VLARGE *A2>  +  ( ( VI ARGE ** ( 3 . - 8 ) ) * A3  > - A  1 
C  INITIAL  GUESS  OF  VSMALL  IS  VERY  SHALL 

VSMALL-O. 00001 

ESMALL*<  VS MALL* VSM ALL* VSM ALL *A2 >+<<VSMALL**<3.-B>)*A3>-Al 

NOTE  THAT  VSMALL  GIVES  RHS<0.  AND  VLARGE  GIVES  RHS>0.  THEREFORE 
THE  SOLUTION  IS  SOMEWHERE  BETWEEN. 

LOOP-O 

100  CONTINUE 

LOOP-LOOP+1 
IF(L00P.EQ.20)ST0P 
VMED»< VL ARGE +VSM ALL) /2. 

EMED»<VMED*VMED*VMED*A2>+< ( VHED** < 3 . -B ) )*A3)-A1 
IF ( EMED . GT . 0 . > GO  TO  3200 
UPDATE  VSM ALL 
VSMALL-VMED 

ERROR*  ABS  (  (VLARGE-VSMALD/VMED) 

IF<ERROR. LT.O. 00001 >G0  TO  3300 
ESMALL-EMED 
GO  TO  3100 
200  CONTINUE 

UPDATE  VLARGE 
VLARGE  *VMED 

ERROR* ABS ( ( VL ARGE-VSMALL ) /VHED > 

IF<ERROR.LT.O.OOOODGO  TO  3300 
ELARGE-EHED 
GO  TO  3100 
300  CONTINUE 

IF< IKLOSS.NE . 0>V1CL*< VL ARGE + VSM ALL ) /2 . 

THE  COOLANT  VELOCITY  IS  APPROXIMATELY  KNOWN 

COMPUTE  MISC.  STUFF 

REL»RH0FLL*V1CL*DE/MUFLUL 
REST  AL»RH0FLL*V1CL*DLE/MUFLUL 
V1CX»V1CL*RH0FLL/RH0FLX 
REX»RH0FLX*V1CX*DE/MUFLUX 
REST  AX»RHOFLX*V 1 CXtDLE/MUFLUX 
XSTARL-L/ <DE<REL<PRFLUL  ) 

XSTARX*X/<  DE*REX*PRFLUX) 

LPLUS*(L/DE)/REL 

COMPUTE  FRICTION  FACTOR  -  EON .  2.6  -  REMEMBER  THAT  B  IS  NEGATIVE 
FAPP»A/<RESTAL**B) 

CALL  ABRUPT (ACB YAP. ASPECT . IFLOU. I KLOSS . KC . KE , K90, LFLUS ) 

COMPUTE  PRESSURE  DROP  -  EON.  2.9 

DELP»(RH0FLL*VlCL*VlCL/2 .)*(<ACBYAP*ACBYAP*2.*K90)+(KC+KE) 

1  +( 4 . *FAPP*FACT*L/DE  )  ) 

COMPUTE  VOLUMETRIC  FLOW  RATE 
NCHAN*0.01/(UU+UC) 

NPARAL-0.01/L 

VOLUME* ( V1CL*UC*Z) *(NCHAN*NP ARAL ) 

RETURN 

END 

END  OF  FILE  FOR  SUBROUTINE  STURF 


RTURF !  WRITTEN  BY  RICHARD  J.  PHILLIPS.  RTURF  COMPUTES  THE  REPEATED- 
RIB  ROUGHENED  CHANNEL  COOLANT  VELOCITY  AND  SOME  OTHER 
VARIABLES  FOR  TURBULENT  FLOW. 
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c  analysis  variables 


c 

A 1  r  A2  * 

c 

A3 »  A 4 

c 

ACBYAP 

i  .  i 

c 

c 

ASPECT 

I  1  • 

c 

DE 

i  t  i 

c 

DELP 

tit 

c 

EBYDE 

•  «  t 

c 

EPLUS 

♦  t  t 

c 

EPLUS1 

ft' 

c 

ERROR 

Ait 

c 

FO 

c 

FI 

i  #  i 

c 

F2 

t  t  t 

c 

FACT 

t  i  i 

c 

FAPP 

tit 

c 

ICONS 

tit 

c 

I  FLOW 

tit 

c 

I KL  OSS 

t  t  t 

c 

IRETUR 

i  i  t 

c 

KC 

t  t  t 

c 

KE 

•  t  t 

c 

K90 

i  t  t 

c 

L 

tit 

c 

LOOP 

t  t  t 

c 

LPLUS 

t  t  t 

c 

MUFILA 

t  t  t 

c 

c 

c 

MUFLL A 

tit 

c 

c 

c 

MUFLUL 

t  t  t 

c 

MUFLUX 

tit 

c 

PBYE 

t  t  t 

c 

PHI 

t  t  t 

c 

PPOWER 

i  t  t 

c 

PRFLUL 

i  i  t 

c 

PRFLUX 

i  i  t 

c 

REPLUS 

i  i  t 

c 

REL 

i  t  t 

c 

REX 

c 

RHOFLL 

t  i  t 

c 

RHOFLX 

t  t  t 

c 

RESTAL 

t  t  t 

c 

RESTAX 

tit 

c 

V  1  CL 

tit 

c 

V1CX 

•  •  t 

c 

VOLUME 

ttt 

c 

wc 

•  •  t 

c 

ww 

t  t  t 

c 

X 

c 

XSTARL 

c 

XSTARX 

c 

Z 

t  •  t 

c 

ZI 

•  •  t 

c 


DUMMY  VARIABLES  FOR  TERMS  OF  EQUATION  2.16 
RATIO  OF  CHANNEL  AND  PLENUM  CROSS-SECTIONAL 
AREAS 

CHANNEL  ASPECT  RATIO 

CHANNEL  HYDRAULIC  DIAMETER 

ASSUMED  CHANNEL  PRESSURE  LOSS 

RATIO  OF  RIB  HEIGHT  TO  EQUIVALENT  DIAMETER 

ROUGHNESS  REYNOLDS  NUMBER 

PREVIOUS  ROUGHNESS  REYNOLDS  NUMBER 

RELATIVE  ERROR  IN  ROUGHNESS  REYNOLDS  NUMBER 

SMOOTH  CHANNEL  FRICTION  FACTOR 

ONE  SIDE  ROUGHENED  FRICTION  FACTOR 

BOTH  SIDES  ROUGHENED  FRICTION  FACTOR 

VARIABLE  PROPERTIES  COMPENSATION  FACTOR 

APPARANT  FRICTION  FACTOR 

CONTROL  FOR  WHICH  FLOW  CONSTRAINT  IS  USED 

ACTIVE  LOOP  INDICATOR  FOR  FLOW  REGIME 

CONTROL  FOR  INCLUDING  K90*  KCr  AND  KE 

CONTROL  VARIABLE  FOR  OUT  OF  RANGE  DATA 

ENTRANCE  PRESSURE  LOSS  COEFFICIENT 

EXIT  PRESSURE  LOSS  COEFFICIENT 

NINETY  DEGREE  BEND  PRESSURE  LOSS  COEFFICIENT 

CHANNEL  LENGTH 

DUMMY  COUNTER 

MOMENTUM  ENTRY  LENGTH 

AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  EXIT 
AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  EXIT 
COOLANT  DYNAMIC  VISCOSITY  AT  CHANNEL  EXIT 
COOLANT  DYNAMIC  VISCOSITY  AT  POSITION  X 
RATIO  OF  RIB  SEPARATION  TO  RIB  HEIGHT 
REPEATED-RIB  FLOW  ATTACK  ANGLE 
COOLANT  PUMPING  POWER  PER  UNIT  SURFACE  AREA 
COOLANT  PRANDTL  NUMBER  AT  CHANNEL  EXIT 
COOLANT  PRANDTL  NUMBER  AT  POSITION  X 
ROUGHNESS  FUNCTION 
REYNOLDS  NUMBER  AT  CHANNEL  EXIT 
REYNOLDS  NUMBER  AT  POSITION  X 
COOLANT  DENSITY  AT  CHANNEL  EXIT 
COOLANT  DENSITY  AT  POSITION  X 
MODIFIED  REYNOLDS  NUMBER  AT  CHANNEL  EXIT 
MODIFIED  REYNOLDS  NUMBER  AT  POSITION  X 
COOLANT  FLOW  VELOCITY  AT  CHANNEL  EXIT 
COOLANT  FLOW  VELOCITY  AT  POSITION  X 
COOLANT  FLOW  RATE  PER  UNIT  SURFACE  AREA 
CHANNEL  WIDTH 
FIN  THICKNESS 

POSITION  FROM  CHANNEL  ENTRANCE 
THERMAL  ENTRY  LENOTH  AT  CHANNEL  EXIT 
THERMAL  ENTRY  LENOTH  AT  POSITION  X 
FIN  LENGTH 

REPEATED-RIB  SHAPE  ANOLE 


(  -  ) 


(  -  ) 

(  -  ) 

(M) 

( N/M*2 ) 
(-) 

<-) 

<  -  ) 

(  -  ) 

(  -  ) 

<  -  ) 

(  -  ) 

(-) 

<-) 

<  -  ) 

<-) 

(  -) 

(  -) 

<-  ) 

(-) 

(  -  ) 

(M) 

(-  ) 

<-  ) 


(KG/M  S) 


(KG/M  S) 
(KG/M  S) 
(KG/M  S) 
(-) 

(DEGREES) 

( W/CM*2) 
(-) 

(  -  ) 

(-) 

(  -) 

(  -  ) 

<KG/M*3) 
<KG/M*3 ) 

(  -) 

(  -  ) 

(M/S) 

(M/S) 

( M*3/CH*2  ) 
(  M  ) 

(M) 

(  M  ) 

(  -  ) 

(  -  ) 

(  M  ) 

( DEGREES ) 


SUBROUTINE  RTURF ( IFLOUrWWtUC>Z>L»X»DEfDLE>ASPECTfACBYAP> 

I  RHOFLL  * RHOFLX  t MUFLUL  t HUFLUX  »  HUFLLA  t HUF ILA  * 
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t  PRFLUL  rPRFLUX, IKLOSS  , ICONS  > PELF  f  VOLUME  t PPOUER . 

t  REL»REX»V1CL. VlCX>RESTAL»RESTAXrLPLUS»Fl ,F2»FAPP. 

t  XSTARL  r  XSTARXr IRETURf EBYDE* PBYE » ZI » PHI > 

REAL  L.K90. KC . KE » LPLUS r MUFLUL » MUFLUX . MUFLLA . MUF I L A 

CHECK  IF  CORRECT  ASPECT  RATIO 

IF ( (ASPECT .GT .0. 1 ) .AND. ( ASPECT .LT. 10.) ) RETURN 

DETERMINE  COOLANT  FLOW  RATE  CONSTRAINT 

1)  DELP  FIXED 

I F ( ICONS. EQ. 1 ) RETURN 

2)  VOLUME  FIXED 

IF( ICONS . EQ . 2)G0  TO  10 

3)  PUMPING  POWER  FIXED 

IF (ICONS. EQ.3)RETURN 

0  CONTINUE 

****************************** 

*  VOLUMETRIC  FLOW  RATE  FIXED  * 

****************************** 

COMPUTE  COOLANT  VELOCITY  -  EQN.  A. 19 

V 1  CL  =» VOLUME *1 0000.  *<L*(WW  +  WC)  >/(Z*WC> 

REL«V1CL*RH0FLL*DE/MUFLUL 

LPLUS-(L/DE)/REL 

CHECK  IF  THE  VARIABLES  ARE  WITHIN  THE  VALID  RANGE 
IRETUR-0 

I F ( (REL.LT . 3000. ) .OR. < REL . GT . 30000 ) ) IRETUR=1 
IF ( (EBYDE.LT .0.032) .OR. (EBYDE.GT .0. 102)  )  IRETUR  =  1 
IF (IREtUR.EQ. 1 ) RETURN 

BOTH  SIDES  ROUGHENED  FRICTION  FACTOR  OBTAINED  USING  EQUATION  2.16 

FOLLOW  STUFF  FROM  EQN.  2.16 
Al-(PHI/90. >**0.33 

IF (PBYE.LT . 10. )  A2»l ./( (10./P8YE)**0. 13) 
IF(PBYE.GE.10.)A2=,(10./P8YE)**(0.33*((ZI/90.)**0.71)> 

A3»(ZI/45. >**0.37 
C  ASSUME  EPLUS  >*  35 

A4-4 .9 

REPLUS »A4/( A1*A2*A3> 

F  2*2 . / ( (REPLUS- (2. 5*AL0G(2 . *E8YDE>>-3.75>**2.) 
EPLUS»EBYDE*REL*SQRT(F2/2. > 

C  CHECK  ASSUMPTION  ON  EPLUS 

IF (EPLUS. GE. 33. >00  TO  500 
C 

C  ASSUMPTION  ON  EPLUS  WAS  WRONG  -  USE  TRIAL  AND  ERROR  TO  OBTAIN 

C  THE  CORRECT  VALUE  OF  EPLUS. 

C 

LOOP-O 

100  CONTINUE 

LOOP-LOOP+1 
IF(L00P.GT.20)ST0P 
EPLUS1 =EPLUS 

A4*4.9/< (EPLUS 1/33. >**0. 4  > 

REPLUS*A4/( A1*A2*A3> 

F2  =  2 . / < (REPLUS- (2.5*AL0G(2.*E8YDE>>-3.75>**2.  > 
EPLUS=EBYDE*REL*SQRT(F2/2.) 
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C 


CHECK  ERROR 

ERROR-ABSC ( EPLUS -EPLUS 1 ) / EPLUS 1 > 

IF (ERROR. GT .0.0001)00  TO  100 
500  CONTINUE 

APPARENT  FRICTION  FACTOR  IS  APPROXIMATELY  KNOWN 
FAPP-F2 

DETERMINE  ENTRANCE  AND  EXIT  PRESSURE  LOSS  COEFFICIENTS 

CALL  ABRUPT (ACBYAPf ASPECT f I FLOW t IKLOSS f KC » KE » K90 r LPLUS ) 
NONUNIFORM  PROPERTIES  -  EON .  2.24 
FACT«(MUFILA/MUFLLA) **0.25 
IF(ASPECT.GE.10. )G0  TO  1000 

SMALL  ASPECT  RATIO  DUCT  PRESSURE  DROP  -  ONLY  ONE  SIDE  IS  ROUGHENED 
USE  INSTEAD f  EQUATIONS  2.17  AND  2.18. 

F0«0.079/(REL**0.23) 

Fl«F0+(F2-F0)/2. 

FAPP-F1 
000  CONTINUE 

COMPUTE  PRESSURE  DROP  -  EQN .  2.9 
DELP«(RH0FLL*VlCL*VlCL/2. ) * 
l< (ACBYAP*ACBYAP*2.*K90)+(KC+KE) + < 4 . *F APP*F AC T *L/DE > > 
PPOUER«VOLUME*DELP 
COMPUTE  MISC.  STUFF 

V1CX«V1CL*RH0FLL/RH0FLX 

REX«RH0FLX*V1CX*DE/MUFLUX 

RESTAL-RHOFLLtVICLtDLE/MUFLUL 

RESTAX«RH0FLX*V1CX<DLE/MUFLUX 

XSTARL»L/(DE*REL*PRFLUL) 

XSTARX-X/ <  DEtREXtPRFLUX ) 

RETURN 

END 

END  OF  FILE  FOR  SUBROUTINE  RTURF 


snufd:  written  by  richard  j.  Phillips,  sffd  computes  the  smooth- 

channel  NUSSELT  NUMBER  ASSUMING  FULLY  DEVELOPED  TLOU  ALUAYS. 


ANALYSIS  VARIABLES 


ASPECT  , . . 
FACT 

IRETUR  . . . 
MUFILA  ... 


MUFIXA  ... 


MUFLLA  . . . 


MUFLXA 


NUL 

NUX 

NUTL 

NUTX 


C 


CHANNEL  ASPECT  RAT  I  0  (  FIN  L  E  NG  T  H/ C  HAN  NE  L  UIDTHX-) 


VARIABLE  PROPERTIES  COMPENSATION  FACTOR  <-) 

CONTROL  VARIABLE  FOR  OUT  OF  RANGE  PROP.  DATA  (-) 
AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 

CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S) 

AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 

CHANNEL  ENTRANCE  AND  POSITION  X  (KG/M  S) 

AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S) 

AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  POSITION  X  (KG/M  S) 

NUSSELT  NUMBER  AT  CHANNEL  EXIT  (-) 

NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  (-) 

NUSSELT  NUMBER  AT  CHANNEL  EXIT  INCUOING 

EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE  (-> 
NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  INCUDING 
EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE  <-) 
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SUBROUTINE  SNUFD < ASPECT . NUL . NUX  . NUTL  » NUT X . 

I  MUF  ILA  .MUF  I  XA»  MUFLLA  .MUF  LXA  .IRETUR ) 

REAL  NUL. NUX  » NUTL » NUTX . MUF ILA  » MUF I XA » MUFLLA  . HUFLXA 
IRETUR-0 

C  INTERPOLATION  EQUATIONS  FOR  FULLY-DEVELOPED  FLOU  DETERMINED  USING 
C  HP4 1C  PROORAM  <  SUM  >  POL YC »  AND  TABLE  2.8 
IF(ASPECT.GE. 10. >NUL» 

t  8 . 229- (  10.?B?3/ASPECT>  +  < 1  4 . 732 1 /  < ASPECT **2 . >)-<9.75/<ASPECT**3.)> 
I F  < < ASPECT  .OE. 1  .  > . AND. < ASPECT .LT . 10 . ) >NUL» 
t  B.227-< 14. 6284 /ASPECT >+(21.34 84/ (ASPECT* *2. ))-(14.4/(ASPECT**3.)> 
IF ( (ASPECT • OE • 0 • 1> .AND. ( ASPECT . LT . 1.0)) IRETUR* 1 
IF (ASPECT .LT  .0.1 )  NUL- 

1  1 .6607+ ( 1 . 274  0/ ASPECT >-( 0 . 1 934 /( ASPECT **2 . >>  +  < 0 . 0 1 /< ASPECT  ** 3 .) > 

I F ( IRETUR. EQ. 1 >RETURN 

C  ACCOUNT  FOR  VARIABLE  PROPERTIES  -  EON .  2.25 
NUX-NUL 

FACT- (MUFLLA /MUF ILA >**0. 14 
NUTL»NUL*FACT 

FACT-(MUFLXA/MUFIXA)**0. 14 

NUTX«NUX*FACT 

RETURN 

END 

C  END  OF  FILE  FOR  SUBROUTINE  SNUFD 

- - 

C  SLAMNU5  WRITTEN  BY  RICHARD  J.  PHILLIPS.  SLAMNU  COMPUTES  THE  SMOOTH 
C  CHANNEL  FULLY  DEVELOPED/DEVELOPING  LAMINAR  NUSSELT  NUMBER. 


C - - - 

C  ANALYSIS  PARAMETERS 

C  ASPEC  ...  CHANNEL  ASPECT  RATIO  DATA  FOR  NNUX  (-> 

C  ASPECT  ...  CHANNEL  ASPECT  RATIO  (-> 

C  DUMNUX  ...  ARRAY  OF  DEVELOP ING-FLOU .  LAMINAR  NUSSELT 

C  NUMBERS  AT  ASPECT.  (-) 

C  F3T04  ...  RATIO  OF  FULLY-DEVELOPED  3-SIDE  AND  4-SIDE 

C  HEATED  CHANNELS.  (-> 

C  FACT  ...  PROPERTY  RATIO  METHOD  INTERPOLATION  FACTOR  <-> 

C  FACTOR  ...  INTERPOLATION  VARIABLE  (-> 

C  MUFILA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 

C  AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S> 

C  MUF I X A  ...  AVERAOE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
C  AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  POSITION  X  (KG/M  S> 

C  MUFLLA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
C  AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S> 

C  MUFLXA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
C  AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  POSITION  X  (KG/M  S> 

C  NNU3  ...  FULLY-DEVELOPED.  LAMINAR  NUSSELT  NUMBER  DATA 
C  FOR  3-SIDED  CHANNELS.  (-) 

C  NNU4  ...  FULLY-DEVELOPED.  LAMINAR  NUSSELT  NUMBER  DATA 
C  FOR  4-SIDED  CHANNELS.  (-> 

C  NNUX  ...  DEVELOPING-FLOW.  LAMINAR  NUSSELT  NUMBER  DATA 

C  FOR  CHANNELS  WITH  ALL  FOUR  SIDES  HEATED.  (-> 

C  NU3  ...  3-SIDE  HEATED  MODERATE  ASPECT  RATIO  DUCT  NU  <-) 

C  NU4  ...  4-SIDE  HEATED  MODERATE  ASPECT  RATIO  DUCT  NU  (-> 

C  NUL  ...  NUSSELT  NUMBER  AT  CHANNEL  EXIT  (-) 

C  NUX  ...  NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  <-) 

C  NUTL  ...  NUSSELT  NUMBER  AT  CHANNEL  EXIT  INCUDING 

C  EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE  (-) 


non  n  n  n  non  noon 


C  NUTX  ...  NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  INCUDING 


C  EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE  <-> 
C  UUCBYZ  ...  CHANNEL  A8PECT  RATIO  DATA  FOR  NNU3  AND  NNU4  .  (-) 
C  XSTARL  ...  THERMAL  ENTRY  LENGTH  AT  CHANNEL  EXIT  (-> 
C  XSTARX  ...  THERMAL  ENTRY  LENGTH  AT  POSITION  X  <-> 
C  XTHERM  ...  THERMAL  ENTRANCE  LENGTH  DATA  FOR  NNUX  <-) 
C - 


SUBROUTINE  SLAMNU ( ASPECT » MUFLL A . MUF I  LA » XSTARL  r NUL  r NUTL r 
t  MUFLXA.MUFIXA. XSTARX. NUX. NUTX) 

DIMENSION  ASPEC ( 6 ) »NNUX(6» 1?)  .  XTHERM ( 1?) »NNU3( 1 1 )  r  NNU  A (  1 1  )  . 

I  UUCBYZ ( 1 1 ) . DUMNUX ( 1?) 

REAL  MUFLL A . MUFLXA . MUF I L A . MUF IXAr NUL. NUX. NUTL. NUTX. 
t  NNUX,NU3,NNU3,NU4,NNU4 

C  DATA  FOR  NNUX.  ASPEC.  AND  XTHERM  OBTAINED  FROM  TABLE  2.11.  AND  APPLY 
FOR  FOUR-SIDED.  CHANNELS  UITH  ALL  FOUR  UALLS  HEATING  DEVELOP ING 
FLOW. 

DATA  POINTS  BETUEEN  0.005  AND  0.  UERE  EXPONENTIALLY  EXTRAPOLATED  TO 
PROVIDE  LESS  •UAVINESS*  IN  THE  RESULTS 
DATA  NNUX/ 

1  31.6.25.2.23.7.27.0.26.7.31.4. 

1  18. 8. 15. 0.14. 7. 16. 4. 16. 6.1?. 3. 

1  15.0.12.0.12.0.13.2.13.6.15.7, 

t  13.2,10.5,10.6,11.7,12.0,13.?, 

1  12.0,  9.6,  9.8, 10. 7, 11. 1,12. 7, 

1  11.2'  8.9,  9.2,  9. 9,10. 4, 11. 9, 

1  9.0,7.10,7.46,8.02,8.44,10.0, 

1  8.8,6.86,7.23,7.76,8.18,  9.8, 

1  8. 5, 6. 60, 6. 96, 7. 50, 7. 92,  9.5, 

1  8.2,6.32,6.68,7.22,7.63,  9.3, 

1  7.9,6.02,6.37,6.92,7.32,  9.1, 

1  7.49,5.69,6.05,6.57,7.00,8.80, 

1  7 • 2 , 5 • 33 , 5 • 70 , 6 • 2 1 , 6 • 63 ,  8.6, 

1  6.7,4.91,5.28,5.82,6.26,  8.5, 

1  6.2,4.45,4.84,5.39,5.87,  8.4, 

1  5.9,4.18,4.61,5.17,5.77,  8.3, 

1  5.55,3.91,4.38,5.00,5.62,8.25, 

1  5.4,3.71,4.22,4.85,5.45,8.24, 

1  5.38,3.60,4.11,4.77,5.35,8.23/ 

DATA  ASPEC/O . 1 , 1 . ,2. ,3. ,4. , 10./ 

DATA  XTHERM/O . , .0005, .0010, .0015, .0020, .0025, 
t  .005, .00556, .00625, .00714, .00833, .01 , .0125, 

l  .0167, .025, .033, .05,  .  1  ,  1  .  / 

DATA  FOR  NNU4 ,  AND  UUCBYZ  UERE  OBTAINED  FROM  TABLE  2.8,  AND  ARE 
FOR  FOUR-SIDED  CHANNELS  UITH  ALL  FOUR  UALLS  HEATING  FULLY 
DEVELOPED  FLOU. 


DATA  NNU4/3 . 599,3.612,3.655,3.740,3.884 ,4.111,4.457,4.969, 

1  5.704,6.700,8.235/ 

DATA  UUCBYZ/ 1 .,1.11, 1.25, 1.43, 1.67, 2. ,2. 5, 3. 33, 5. ,10. ,99 99./ 
DATA  FOR  NNU3,  AND  UUCBYZ  UERE  OBTAINED  FROM  TABLE  2.8,  AND  ARE 
FOR  FOUR-SIDED  CHANNELS  UITH  THREE  UALLS  HEATING  FULLY 
DEVELOPED  FLOU. 

DATA  NNU3/3.556.3.701 ,3.846,3.991,4.248,4.505,4.885,5.393, 
t  6.072,6.939,8.235/ 


DETERMINE  IF  MODERATE  ASPECT  RATIO  DUCT 


IF( (ASPECT .LE .ASPEC( 1 )) .OR. (ASPECT .GE .ASPEC ( 6 )) )G0  TO  210 
C 

C  CALCULATE  RATIO  OF  4-SIDED  AND  3-SIDED  FULLY  DEVELOPED  VALUES  FOR 
C  EQUATION  2.12.  NOTE  THAT  NO  CORRECTION  IS  NEEDED  FOR  LARGE  AND 
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C  SMALL  ASPECT  RATIO  CHANNELS. 

DO  100  1*1 r  10 

IF < (ASPECT . GE . UUCBYZ ( I )) .AND. (ASPECT .LT .WWCBYZ ( 1+1 )>> GO  TO  200 
100  CONTINUE 
200  CONTINUE 

FACTOR- ( ASPECT- UUCBYZ ( I ) ) / (WWCBYZ ( 1+1 ) -WWCBYZ ( I ) > 

NU3-FACT0R*(NNU3( 1+1 )-NNU3( I) ) +NNU3  < I > 

NU4-FACT0R*(NNU4 ( 1+1 )-NNU4  < I ) ) +NNU4< I ) 

F3T04-NU3/NU4 
210  CONTINUE 
C 

C  INTERPOLATION  BETWEEN  COLUMNS  OF  NNUX  AT  PROPER  CHANNEL  ASPECT  RATIO 
C 

C  SMALL  ASPECT  RATIO  CHANNELS 

IF (ASPECT .  GE . ASPEC ( 1 ) )G0  TO  250 
DO  225  II-lfl? 

DUMNUX (II) -NNUX  < 1 » 1 1 ) 

225  CONTINUE 
GO  TO  475 
250  CONTINUE 

IF (ASPECT  *LE.ASPEC<6) )G0  TO  280 
C  LARGE  ASPECT  RATIO  CHANNELS 
DO  275  II-lfl? 

DUMNUX ( I  I )*NNUX ( 6  r  II) 

275  CONTINUE 
GO  TO  475 
280  CONTINUE 

C  MODERATE  ASPECT  RATIO  CHANNELS 
DO  300  I  - 1 »  5 

IF ( ( ASPECT. GE . ASPEC< I ) ) . AND. ( ASPECT .LT . ASPEC< 1+1 ) ) )G0  TO  400 
300  CONTINUE 
400  CONTINUE 

FACTOR- ( ASPECT- A SPEC ( I ) )/< ASPEC( I+1)-ASPEC(I>> 

DO  450  II-lfl? 

DUMNUX < 1 1 ) -FACTOR* (NNUX (  1  +  1  r  II >-NNUX ( I r 1 1 ) ) +  NNUX ( I » I  I ) 

450  CONTINUE 
475  CONTINUE 
C 

C  INTERPOLATION  BETWEEN  ROWS  AT  THE  CORRECT  THERMAL  ENTRANCE  LENGTH  AT 
C  THE  CHANNEL  EXIT 
C 

DO  500  J«lrl8 

IF( (XSTARL.GE.XTHERM( J) ) .AND. ( X ST ARL . LT . X THE RM ( J+l ) ) )G0  TO  600 
500  CONTINUE 

IF (XSTARL.GE.XTHERM( 1?) ) J-19 
600  CONTINUE 

IF(  J.NE. 19)FACT0R-(XSTARL-XTHERM< J) ) / ( X THERM ( J+ 1 )-XTHERM(J) > 

IF ( J • NE . 1? )NUL-FACTOR*( DUMNUX < J  +  l) -DUMNUX ( J)  ) +  DUMNUX ( J  ) 

IF ( J. EO. 19)NUL-DUMNUX( 19) 

C  COMPUTE  DEVELOP  I NG-FLOWt  LAMINAR  NUSSELT  NUMBER  USING  EQUATION  2.12. 

IF ( ( ASPECT . GT . ASP EC ( 1 )  )  . AND. ( ASPECT .LT . AS PEC ( 6 ) ) ) NUL  =  NUL*F  3T  04 
C  ACCOUNT  FOR  NONUNIFORM  PROPERTIES  -  EON •  2.25 
FACT-( MUFLLA/MUFILA)**0. 14 
nutl-nul*fact 
c 

C  INTERPOLATION  BETWEEN  ROWS  AT  THE  CORRECT  THERMAL  ENTRANCE  LENGTH  AT 
C  POSITION  X 
C 

DO  700  J  —  1  r  18 

IF< ( XSTARX . GE . XTHERM<  J  > ) . AND . ( XSTARX .LT . XTHERM<  J+ 1 ) > ) GO  TO  900 
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700  CONTINUE 

IF (XSTARX.GE.XTHERM( 1?) >  J-19 
800  CONTINUE 

IF(J.NE.19)FACT0R“(XSTARX-XTHERM(J) )/< XTHERH ( J+ 1 > -XTHERM ( J >  ) 

IF ( J.NE.19)NUX-FACT0R*(DUMNUX< J+1)-DUMNUX( J) ) +  DUMNUX ( J ) 

IF< J.EQ. 19>NUX-DUMNUX<  19) 

C  COMPUTE  DEVELOPING-FLOW.  LAMINAR  NUSSELT  NUMBER  USING  EQUATION  2.12. 

IF ( < ASPECT. OT.ASPEC( 1 ) ) .AND. ( ASPEC T . LT . ASPEC ( 6 > ) ) NUX»NUX*F3T04 
C  ACCOUNT  FOR  NONUNIFORM  PROPERTIES  -  EQN .  2.25 
FACT-<MUFLXA/MUFIXA>**0. 14 
NUTX»NUX*FACT 
RETURN 
END 

C  END  OF  FILE  FOR  SUBROUTINE  SLAMNU 

C - 

C  STURNU:  WRITTEN  BY  RICHARD  J.  PHILLIPS.  STURNU  COMPUTES 
C  THE  TURBULENT  NUSSELT  NUMBER  FOR  FLOU  IN  A  TUBE. 


C - - - 

C  ANALYSIS  VARIABLES 

C  DE  ...  HYDRAULIC  DIAMETER  (M) 

C  FACT  ...  PROPERTY  RATIO  METHOD  INTERPOLATION  FACTOR  <-) 

CL  ...  CHANNEL  LENOTH  <M> 

C  MUFILA  ...  AVERAOE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 

C  AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  EXIT  <  KG/M  S) 

C  MUFIXA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
C  AVERAOE  FIN  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  POSITION  X  (KG/M  S) 

C  MUFLLA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
C  AVERAOE  COOLANT  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S) 

C  MUFLXA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
C  AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  POSITION  X  (KG/M  S) 

C  NUL  ...  NUSSELT  NUMBER  AT  CHANNEL  EXIT  (-) 

C  NUX  ...  NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  (-) 

C  NUTL  ...  NUSSELT  NUMBER  AT  CHANNEL  EXIT  INCUDING 

C  EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE  (-) 

C  NUTX  ...  NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  INCUDING 
C  EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE  <-) 

C  PRFLUL  ...  COOLANT  PRANDTL  NUMBER  AT  CHANNEL  EXIT  (-) 

C  PRFLUX  ...  COOLANT  PRANDTL  NUMBER  AT  POSITION  X  (-) 

C  REL  ...  REYNOLDS  NUMBER  AT  CHANNEL  EXIT  (-) 

C  REX  ...  REYNOLDS  NUMBER  AT  POSITION  X  (-) 

C  X  ...  POSITION  FROM  CHANNEL  ENTRANCE  (M) 

C - 

SUBROUTINE  STURNU < MUFLLA . MUF ILA . PRFLUL . REL . NUL . NUTL . 


1  MUFLXA.HUFIXA.PRFLUX.REX.NUX.NUTX.DE.L.X) 

REAL  MUFLLA. MUFLXA. MUFILA. MUF IXA. NUL. NUX. NUTL. NUTX. L 
C  DITTUS  -  BOELTER  EQUATION 

C  NUL»0 . 023* ( (REL)t*0.8)S(PRFLULSS0.4) 

C  SIMPLIFIED  GNIELINSKI  CORRELATION  FOR  1.5<PR<500.  -  EQN.  2.15 
IF(REL.LE.450. >NUL»1.0 

IF ( REL . GT . 650 . )NUL»0.012l< ( REL I 10 . 87 ) -280 . ) I ( PRFLUL* 10 . 4 ) 

C  NEXT  LINE  ACCOUNTS  FOR  DEVELOPING  TURBULENT  NUSSELT  NUMBER 
C  NUL-NULt < 1 . +< DE/L) **(2 . /3. > > 

C  ACCOUNT  FOR  NONUNIFORM  PROPERTIES  -  EQN.  2.25 
FACT*(MUFLLA/MUFILA)*IO. 1 1 
NUTL»NUL*F  ACT 

C  DITTUS  -  BOELTER  EQUATION 
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C  NUX-0 . 023* ( (REX)**0.8)*(PRFLUX**0.4> 

C  SIMPLIFIED  GNIELINSKI  CORRELATION  FOR  1.5<PR<500.  -, EQN.  2.15 
IF(REX.LE.650. >NUX»1 .0 

IF < REX • GT • 650 • > NUX-O. 01 2* (  ( REX**0 . 87 > -280 . ) * ( PRFLUX**0 . 4 ) 

C  NEXT  LINE  ACCOUNTS  FOR  DEVELOPING  TURBULENT  NUSSELT  NUMBER 
C  NUX-NUX*(1 .+(DE/X>**(2./3. ) ) 

C  ACCOUNT  FOR  NONUNIFORM  PROPERTIES  -  EON.  2.25 
FACT-(MUFLXA/MUFIXA)**0. 11 
NUTX-NUX*FACT 
RETURN 
END 

C  END  OF  FILE  FOR  SUBROUTINE  STURNU 

C - - 

C  RTURNUI  WRITTEN  BY  RICHARD  J.  PHILLIPS.  RTURNU  COMPUTES  THE  NUSSELT 


C  NUMBER  FOR  REPEATED-RIB  ROUGHENED  CHANNELS. 

C - - - 

r  a  Mai  y  c  r  c  pad amptprq 

C  A1.A2.A3..  DUMMY  VARIABLES  FOR  TERMS  OF  EQUATION  2.1?  (-) 

C  ASPECT  ...  CHANNEL  ASPECT  RATIO  <-> 

C  EBYDE  ...  RATIO  OF  RIB  HEIGHT  TO  EQUIVALENT  DIAMETER  <-) 

C  EPLUS  ...  ROUGHNESS  REYNOLDS  NUMBER  <-> 

C  F2  ...  BOTH  SIDES  ROUGHENED  FRICTION  FACTOR  (-> 

C  FACT  ...  PROPERTY  RATIO  METHOD  INTERPOLATION  FACTOR  (-) 

C  HEPLUS  ...  HEAT  TRANSFER  FUNCTION  <-) 

C  MUFILA  ...  AVERAOE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 

C  AVERAOE  FIN  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S) 

C  MUFLLA  ...  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
C  AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 

C  CHANNEL  ENTRANCE  AND  EXIT  (KG/M  S) 

C  NUL  ...  NUSSELT  NUMBER  AT  CHANNEL  EXIT  (-) 

C  NUX  ...  NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  (-) 

C  NUTL  ...  NUSSELT  NUMBER  AT  CHANNEL  EXIT  INCUDING 

C  EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE  (-) 

C  NUTX  ...  NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  INCUDING 
C  EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE  (-) 

C  PRFLUL  ...  COOLANT  PRANDTL  NUMBER  AT  CHANNEL  EXIT  (-) 

C  REL  ...  REYNOLDS  NUMBER  AT  CHANNEL  EXIT  (-) 

C  REPLUS  ...  ROUGHNESS  FUNCTION  (-) 

C  STANTO  ...  AVERAGE  STANTON  NUMBER  (-) 

C  ZI  ...  REPEATED-RIB  SHAPE  ANGLE  (DEGREES) 

C - 


SUBROUTINE  RTURNU ( ASPECT . EBYDE . Z I . MUFLLA , MUF I  LA . PRFLUL . REL . F2 . 
t  NUL. NUTL. NUX. NUTX) 

REAL  MUFLLA. MUF I  LA. NUL. NUX. NUTL. NUTX 

CHECK  IF  CORRECT  ASPECT  RATIO 

IF ( ( ASPECT .GT .0. 1 ) . AND. ( ASPECT . LT . 1 0 . )) RETURN 
C  COMPUTE  STANTON  NUMBER  -  EQN.  2.1? 

EPLUS-EBYDE*REL*SQRT(F2/2. ) 

REPLUS- ( SQR T ( 2./ F2) >+(2.5*AL0G(2.*EBYDE)>+3.75 

IF  <  Z I .LT.45. >Al-(ZI/45. >**0.5 

IF  <  ZI . QE . 45 . > Al-1 . / ( ( ZI/45 . ) **0 . 45  > 

I F ( EPLUS . LT . 35 • ) A2-10. 

IF  (EPLU8.GE .35 .)A2«10.*((EPLUS/35.)**0.28) 

A3-(0.72/PRFLUL)**0.57 

HEPLUS-A2/( A1*A3> 

STANT0-(F2/2. )/( ( ( HEPLUS-REPLUS ) *SQRT ( F2/2 .  )  >  + 1  .  > 

C  COMPUTE  NUSSELT  NUMBER  -  EQN.  2.20 
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NUL-STANTO*REL*PRFLUL 

NUX*NUL 

C  ACCOUNT  FOR  NONUNIFORM  PROPERTIES  -  EQN  2.25 
FACT«(MUFLLA/MUFILA>**0. 11 
NUT  L*NUL*F  ACT 
NUT  X*NUTL 
RETURN 
END 

C  END  OF  FILE  FOR  SUBROUTINE  RTURNU 


C  PROPER*.  WRITTEN  BY  RICHARD  J.  PHILLIPS.  PROPER 

C  CALLS  THE  APPRIATE  SUBROUTINES  TO  INITIALIZE  THE  COOLANT 

C  AND  SUBSTRATE  MATERIAL  PROPERTY  DATA  ARRAYS. 


ANALYSIS 
CPFF 
FLUID 
KFF 
KUU 
MUFF 
NFLUID 


NPROPF 

NPROPU 

NSINK 


PRFF 
RHOFF 
SINK 
TPROPF 
T  PR  OP  U 


VARIABLES 

.  COOLANT  SPECIFIC  HEAT  DATA 
.  ALPHANUMERIC  FOR  COOLANT  TYPE 
.  COOLANT  THERMAL  CONDUCTIVITY  DATA 
.  SUBSTRATE  THERMAL  CONDUCTIVITY  DATA 
.  COOLANT  DYNAMIC  VISCOSITY  DATA 
.  COOLANT  IDENTIFIER  NUMBER 


FC-77 
FREON 
WATER 

OF  COOLANT  DATA  ENTRIES 
OF  SUBSTRATE  MATERIAL  DATA  ENTRIES 
SUBSTRATE  MATERIAL  INDENTI F IER  NUMBER 
1)  GALLIUM  ARSENIDE 
GERMANIUM 
INDIUM  PHOSPHIDE 
SILICON 
ALUMINUM 
COPPER 
SILVER 

PRANDTL  NUMBER  DATA 


1  ) 
2) 
3) 

NUMBER 

NUMBER 


2) 

3) 

4) 

3) 

6) 

7) 

COOLANT 


COOLANT  DENSITY  DATA 
ALPHANUMERIC  FOR  SUBSTRATE  TYPE 
TEMPERATURES  FOR  FLUID  PROPERTY  DATA 
TEMPERATURES  FOR  SUBSTRATE  PROPERTY  DATA 


K  > 
K  ) 


(J/KG  DEG  K) 
(  -) 

(W/M  DEG 
(W/M  DEG 
(KG/M  S) 

(  -  ) 


(-) 

(-) 

<-> 


(  -  ) 

( KG/M  *  3 ) 
(-) 

( DEG  K ) 
(DEG  K) 


SUBROUTINE  PROPER ( NFLU I D f NS  I NK , FLU  I D f  S I NK f 
(  NPROPF  »  TPROPF  r  CPFF  f KFF  f MUFF f PRFF f  RHOFF  f 

(  NPROPUfTPROPWfKWW) 

DIMENSION  TPROPF (20) f CPFF (20) f KFF (20) f MUFF (20)  f PRFF (20)  f RHOFF (20) 
DIMENSION  TPR0PW(20) f  KWW ( 20 ) 

CHARACTER**  F LU  I D ( 3 ) f S I NK ( 4 ) 

REAL  KFFfKWWfMUFF 

CALL  PROPER  SUBROUTINES  FOR  COOLANT  AND  SUBSTRATE  PROPERTIES 
COOLANT 

IF ( NFLU  I  D . EO . 1  )  CALL  PROPF 1 ( NPROPF  f TPROPF f CPFF f KFF f MUFF f PRFF f RHOFF  t 
(FLUID) 

IF (NFLUID. EQ.2)CALL  PR0PF2 ( NPROPF  f T PROPF  f CPF F  f KF F  f MUFF  f PRF F  f RHOF F f 
(FLUID ) 

IF (NFLUID. EQ.3)CALL  PR0PF3 ( NPROPF  f TPROPF f CPFF  f KFF  f MUFF f PRFF f RHOFF f 
(FLUID) 

SUBSTRATE 

I F ( NS  I NK . EQ . 1 ) CALL  PROPS  1 ( NPROPW f TPROPW f KWW f S  INK > 

IF (NSINK . EQ. 2)CALL  PR0PS2 ( NPROPW f TPROPW f KWW f S INK ) 

IF (NSINK .EQ. 3) CALL  PROPS 3 ( NP ROPU  f  TPROPW f KWW f S I NK ) 

IF ( NS  INK. EQ. 4) CALL  PROPS* ( NPROPW f TPROPW f KWW f S I NK ) 
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IF (NSINK.EQ.S)CALL  PR0PS5 < NPROPW , TPROP W r KWW '  S I NK ) 

IF ( NSINK.EQ*6)CALL  PR0PS6 ( NPROPW , TPROPU ' KUU ' S I NK ) 

IF <NSINK.EQ.7)CALL  PROPS? < NPROPW ' TPROPU ' KUU ' S I NK > 

RETURN 

END 

C  END  OF  FILE  FOR  SUBROUTINE  PROPER 

- - 

C  PROPFi:  WRITTEN  BY  RICHARD  J.  PHILLIPS.  PROPFl  CONTAINS 
C  THE  COOLANT  PROPERTY  DATA  FOR  FC-77  AS  TAKEN  FROM 

C  3H  PRODUCT  MANUAL  <1984). 


C  ANALYSIS  VARIABLES 


CPF 

FLUID 

KF 

MUF 

NPROPF 

PRF 

RHOF 

TPROPF 


COOLANT  SPECIFIC  HEAT  DATA 
ALPHANUMERIC  FOR  COOLANT  TYPE 
COOLANT  THERMAL  CONDUCTIVITY  DATA 
COOLANT  DYNAMIC  VISCOSITY  DATA 
NUMBER  OF  COOLANT  DATA  ENTRIES 
COOLANT  PRANDTL  NUMBER  DATA 
COOLANT  DENSITY  DATA 

TEMPERATURES  FOR  FLUID  PROPERTY  DATA 


<  J/KG  DEG  K) 

<  - ) 

( W/M  DEG  K) 

<  KG/M  S) 

<-> 

<  -  ) 

<KG/M*3> 

<  DEG  K) 


SUBROUTINE  PROPF 1 < NPROPF >  TPROPF ' CPFF 
DIMENSION  TPROPF < 20) » CPFF < 20) 'KFF<20 
DIMENSION  TPROP  <  9 )  , CPF < 9 ) ' KF < 9 )  r  MUF  < 
CHARACTERS  FLU  I  D  <  3  )  »  FLU  <  3  ) 

REAL  KF'KFF»MUF»MUFF 

FLU  / ' FC-7 ' f '7  '/ 

TPROP/  273.  »  283.  ,  293. »  303 . > 


> KFF>MUFFrPRFF,RHOFF,FlUID) 

)  'MUFF (20) »  PRFF ( 20 ) »  RHOFF ( 20 ) 
9)  t PRF  <  9 ) 9 RHOF ( 9 ) 


DATA 

DATA 

DATA 

DATA 

DATA 


CPF  /1010. » 1025. t 1040. » 1055. > 1 
KF  /  .0651 » .064  3*  .063  5* .0A27>  . 
MUF  /. 00230 » .001 88 r . 00155 » .001 
.00071 » .00062/ 

/  35. 6»  30. 0»  25. 4,  21 .7, 

/ 1 836 . 9 1812. » 1786. » 1762. > 1 


PRF 

RHOF 


10 


DATA 
DATA 
NPROPF-9 

C  TRANSFER  VALUES 
DO  10  I ■ 1 >  3 

FLU I D  < I ) *FLU  < I ) 

CONTINUE 

DO  100  I  *  1 »  NPROPF 

TPROPF  < I ) *  TPROP  < I ) 

CPFF  < I  )  *CPF  <  I  ) 

KFF ( I ) *KF  < I  ) 

MUFF ( I ) *MUF  < I  ) 

PRFF  <  I  ) =PRF  < I ) 

RHOFFC I )*RHOF  <  I  ) 

CONTINUE 
RETURN 
END 

C  END  OF  FILE  FOR  SUBROUTINE  PROPFl 


313. »  323. f  333.*  343. r  353./ 
070. >1085. ' 1 100. ' 1 1 15 .» 1 130./ 
0619' .0611  '  .0603' .05  95'  .0588/ 
29'  .00109'  .00093' .00080'. 

18.8'  16. 5»  14.6'  13.3'  11.9/ 
737. ' 1713 .  » 1 687. '  1663 .  '  1638 . / 


100 


C  PR0PF2 :  WRITTEN  BY  RICHARD  J.  PHILLIPS.  PROPF 2 
C  THE  COOLANT  PROPERTY  DATA  FOR  FREON  <CCL 

C  HOLMAN  <  1976)  . 


CONTAINS 

2F2)  AS  TAKEN  FROM 


C  ANALYSIS  VARIABLES 

C  CPF  ...  COOLANT  SPECIFIC  HEAT  DATA 

C  FLUID  ...  ALPHANUMERIC  FOR  COOLANT  TYPE 

C  KF  ...  COOLANT  THERMAL  CONDUCTIVITY  DATA 

C  MUF  ...  COOLANT  DYNAMIC  VISCOSITY  DATA 


(J/KG  DEG  K) 
<-) 

(W/M  DEG  K) 
(KG/M  S) 
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C  NPROPF  ...  NUMBER  OF  COOLANT  DATA  ENTRIES  <-> 

C  PRF  ...  COOLANT  PRANDTL  NUMBER  DATA  <"> 

C  RHOF  ...  COOLANT  DENSITY  DATA  <KG/M*3) 

C  TPROPF  ...  TEMPERATURES  FOR  FLUID  PROPERTY  DATA  <UEG  K> 

- - 


SUBROUTINE  PR0PF2 ( NPROPF  r  TPROPF f CPFF t KFF f MUFF  t PRFF f RHOF F f FLU I D > 
DIMENSION  TPROPF (20) f CPFF (20) f KFF (20) f MUFF (20) f PRFF (20) f RHOFF (20) 


DIMENSION  TPROP ( 6 )  >C PF(6)  f  KF ( 6 ) fMUF(6) fPRF<6> f RH0F<6> 


CHARACTERS  FLUID ( 3 )  f  FLU ( 3 ) 
REAL  KF  t KFF  t MUF  f MUFF 
DATA  FLU  / ' FREO ' f  'N  ' f  ' 
DATA  TPROP/  223. t 


DATA  CPF  /  875. r 

DATA  KF  /  .  06 7  f 

DATA  MUF 
DATA  PRF  /  6  •  2  f 

DATA  RHOF  /  1547. f 

NPROPF-6 

C  TRANSFER  VALUES 
DO  10  I  * 1 f  3 

FLU I D  < I )«FLU( I ) 
10  CONTINUE 

DO  100  I  * 1 f  NPROPF 


'  f  '  '/ 

243.  f  263. f 

896.  f  920. 9 

.  069  f  . 073  f 

/ • 0004  80  » .  000377 f . 000316 t 


4 . 8  » 

1490. f 


4. Of 
1429. f 


283.  f 
950.  t 
.  073  f 
000277  f 
3 . 6  f 
1364. » 


303. f  323./ 
984. »  1022./ 

.  07 1 f  .067/ 

000251 f .000231/ 
3 . 5  f  3.5/ 

1295. f  1216./ 


TPROPF ( I ) «TPROP  < I) 

CPFF ( I ) «CPF  < I ) 

KFF ( I ) *KF ( I ) 

MUFF ( I ) *MUF ( I ) 

PRFF ( I ) «PRF ( I ) 

RHOFF(I)«RHOF(I) 

100  CONTINUE 
RETURN 
END 

C  END  OF  FILE  FOR  SUBROUTINE  PR0PF2 

C . . - - - - - 

C  PR0PF3  J  WRITTEN  BY  RICHARD  J.  PHILLIPS.  PR0PF3  CONTAINS 
C  THE  COOLANT  PROPERTY  DATA  FOR  UATER  AS  TAKEN  FROM 

C  HOLMAN  (1976). 

C . . . - . . . 


C  ANALYSIS  VARIABLES 


c 

CPF 

t  •  • 

COOLANT  SPECIFIC  HEAT  DATA 

(J/KG  DEG  K) 

c 

FLUID 

«  *  • 

ALPHANUMERIC  FOR  COOLANT  TYPE 

(-) 

c 

KF 

COOLANT  THERMAL  CONDUCTIVITY  DATA 

(U/M  DEG  K) 

c 

MUF 

1  1  1 

COOLANT  DYNAMIC  VISCOSITY  DATA 

(KG/M  S) 

c 

NPROPF 

>  1  1 

NUMBER  OF  COOLANT  DATA  ENTRIES 

<-) 

c 

PRF 

1  1  1 

COOLANT  PRANDTL  NUMBER  DATA 

(-> 

c 

RHOF 

1  »  1 

COOLANT  DENSITY  DATA 

<  KG/M *3 ) 

c 

c- 

TPROPF 

•  •  • 

TEMPERATURES  FOR  FLUID  PROPERTY  DATA 

(DEG  K) 

SUBROUTINE  PR0PF3 ( NPROPF f TPROPF f CPFF f KFF f MUFF f PRF F f RHOFF , FLU  I D ) 


DIMENSION  TPROPF (20) f CPFF (20) f KFF (20) f MUFF (20) f PRFF (20) f RHOFF (20) 
DIMENSION  TPROP ( 7 )  fCPF(7)  fKF(7)  fMUF(7) fPRF<7)  f RHOF (7) 

CHARACTERS  FLUI D  <  3  )  f  FLU (  3  ) 


REAL 

KFfKFFf 

MUF  fMUFF 

DATA 

FLU 

/' 

WATE' f 

'R  *  F 

'  '/ 

DATA 

TPROP/ 

273.  f 

283.  f 

294  .  f 

3 1  6  .  f 

333  .  f 

355.  f 

377./ 

DATA 

CPF 

/ 

4225. f 

4195. f 

4179  .  f 

4174. f 

4179.  f 

4195. f 

4216./ 

DATA 

KF 

/ 

•  566  f 

.  585  f 

.604  f 

.  637  f 

.654  f 

.  673  f 

.  684/ 

DATA 

MUF 

/  . 

00 1 7  9  f 

.00131 f 

.  00098  f 

•  00061 6  f 

.000471 f 

.  0003  47  f 

.000267/ 

data 

PRF 

/ 

1 3 . 25  f 

9 . 40  f 

6 . 78  f 

4 . 04  f 

3. 01  f 

2  .  16  f 

1.66/ 

DATA 

RHOF 

/ 

999 . 8. 

999. 2f 

997. 4f 

990. 6r 

983. 3f 

970. 2r 

955 . 1 / 
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NPROPF-7 

C  TRANSFER  VALUES 
DO  10  I -If  3 

FLU  I D ( I ) -FLU  < I ) 

10  CONTINUE 

DO  100  I-1fNPR0PF 

T PROPF ( I ) « TPROP  < I ) 

CPFF  < I ) -CPF  < I ) 

KFF  <  I  ) -KF  < I ) 

MUFF (  I ) -hUF ( I ) 

PRFF  < I ) -PRF ( I ) 

RHOFF  < I ) -RHOF  < I ) 

100  CONTINUE 
RETURN 
END 

END  OF  FILE  FOR  SUBROUTINE  PR0PF3 


PROPSi:  WRITTEN  BY  RICHARD  J.  PHILLIPS.  PR0PS1  CONTAINS 

THE  SUBSTRATE  PROPERTY  DATA  FOR  GALLIUM  ARSENIDE  AS  TAKEN 
FROM  T YE  (1969)*  NEUBERGER  (1971).  AND  CARLSON  ET  AL.  (1965). 


ANALYSIS  VARIABLES 

KU  ...  COOLANT  THERMAL  CONDUCTIVITY  DATA 

NPROPW  ...  NUMBER  OF  SUBSTRATE  MATERIAL  DATA  ENTRIES 
MAT  ...  ALPHANUMERIC  FOR  SUBSTRATE  TYPE 
TPROPW  ...  TEMPERATURES  FOR  FLUID  PROPERTY  DATA 


(U/M  DEG  K) 
(-) 

(-> 

(DEG  K) 


SUBROUTINE  PROPS  1 ( NPROPW > TPROPU * KUU t SI NK ) 

DIMENSION  TPR0PW<20) ?  KWW ( 20 ) 

DIMENSION  TPR0P<8)  »  KW ( 8 ) 

CHARACTER**  S I NK ( 4 ) . M AT ( 4 ) 

REAL  KW  *  KWW 

DATA  MAT  / ' GALL  * t  ' IUM  '  » ' ARSE ' » ' NIDE ' / 

DATA  TPROP/  20.  t  30 . »  80. »  100. r  200. »  300.  »  400. »  470./ 
DATA  KW  / 4500 . »  600. »  400. »  260. t  90 . »  34. *  31. »  28./ 
NPROPW-8 
TRANSFER  VALUES 
DO  10  I  *  1  f  4 

SINKd)-MAT(I) 

0  CONTINUE 

DO  100  I « 1 t  NPROPW 

TPROPW ( I ) - TPROP ( I ) 

KWW ( I ) *KW ( I ) 

00  CONTINUE 
RETURN 
END 

END  OF  FILE  FOR  SUBROUTINE  PROPSI 


PR0PS2J  WRITTEN  BY  RICHARD  J.  PHILLIPS.  PR0PS2  CONTAINS 

THE  SUBSTRATE  PROPERTY  DATA  FOR  GERMANIUM  AS  TAKEN  FROM 
TOULOUK I  AN  ( 1970)  . 


ANALYSIS  VARIABLES 

KW  ...  COOLANT  THERMAL  CONDUCTIVITY  DATA 

NPROPW  ...  NUMBER  OF  SUBSTRATE  MATERIAL  DATA  ENTRIES 
MAT  ...  ALPHANUMERIC  FOR  SUBSTRATE  TYPE 

TPROPU  ...  TEMPERATURES  FOR  FLUID  PROPERTY  DATA 


(U/M  DEG  K  > 
(  -  > 

(  -  > 

(DEG  K  > 


SUBROUTINE  PR0PS2 ( NPROPW , TPROPU » KUW t S I NK ) 
DIMENSION  TPR0PU(20) »KUW(20) 
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u  (-) 


DIMENSION  TPROP< 18) rKU( 18) 
CHARACTER*  4  S I NK ( 4 ) r MAT < 4 > 


REAL 

KU  v 

KUU 

DATA 

HAT 

/ ' GERM  * 

p ' ANIU 

'  p  '  M 

'  p  ' 

'/ 

DATA 

TPROP/  10. r 

20.  p 

30.  p 

40.  p 

l 

50.  r 

60.  p 

70.  p 

80.  p 

90.  p 

1 00 . t  1 50 . p 

200. »  250.. 

t 

273. 2p 

300.  p 

350.  p 

400.  p 

500./ 

DATA 

KU 

/I 770 . p 

1490. p 

1080. p 

798.  p 

t 

6 1  5  *  p 

487.  p 

393.  p 

325.  p 

270.  p 

232. p  132. » 

96.8.  74.9. 

t 

66  ♦  7  p 

59. 9p 

49. 5p 

43. 2p 

33.8/ 

NPROPU-18 
C  TRANSFER  VALUES 
DO  10  I  *  1  p  4 

S I NK ( I ) *MAT ( I ) 

10  CONTINUE 

DO  100  I  » 1 »  NPROPU 

TPROPW ( I ) *  TPROP ( I ) 

KWW  < I  )*KU( I ) 

100  CONTINUE 
RETURN 
END 

C  END  OF  FILE  FOR  SUBROUTINE  PR0PS2 


PR0PS3 1  WRITTEN  BY  RICHARD  J.  PHILLIPS.  PR0PS3  CONTAINS 

THE  SUBSTRATE  PROPERTY  DATA  FOR  INDIUM  PHOSPHIDE  TAKEN  FROM 
KUDMAN  AND  STEIGMEIER  (I964)p  ALIEV  ET  AL.  (1965>p  AND 
NEUBERQER  (1971). 


ANALYSIS  VARIABLES 

KU  ...  COOLANT  THERMAL  CONDUCTIVITY  DATA 

NPROPU  ...  NUMBER  OF  SUBSTRATE  MATERIAL  DATA  ENTRIES 
MAT  ...  ALPHANUMERIC  FOR  SUBSTRATE  TYPE 
TPROPW  ...  TEMPERATURES  FOR  FLUID  PROPERTY  DATA 


(U/M  DEG  K) 
(  -) 

(-) 

(DEG  K) 


SUBROUTINE  PR0PS3 ( NPROPU p TPROPW p KUW p  SI NK ) 
DIMENSION  TPR0PU(20) »KUW(20) 

DIMENSION  TPROP(U)  »KW<  11) 

CHARACTERS  S  I  NK  (  4  )  r  MAT  (  4  ) 

REAL  KU.KUU 


DATA 

DATA 

MAT  / ' IND I 
TPROP/  20. 

' p 'UH  P' p ' HOSP ' p 'HIDE'/ 
p  30. p  50. p  80.  p  lOO.i 

-  200.. 

»  300. p 

350 

l 

DATA 

400. 

KU  /3000. 

p  450. p  500. / 

p2000. p 1000. p  500. p  880.. 

.  130. . 

67.  p 

53 

l 

43. 

p  35. p  30./ 

NPROPU* 1 1 
C  TRANSFER  VALUES 
DO  10  I  *  1  p  4 

SINK ( I ) =M AT (  I  ) 

10  CONTINUE 

DO  100  I  *  1  p  NPROPU 

TPROPW ( I ) =TPROP ( I ) 

KUU ( I ) *KU ( I ) 

100  CONTINUE 
RETURN 
END 

END  OF  FILE  FOR  SUBROUTINE  PR0PS3 


PR0PS4 : 


WRITTEN  BY  RICHARD  J.  PHILLIPS.  PR0PS4 
THE  SUBSTRATE  PROPERTY  DATA  FOR  SILICON 
TOULOUKIAN  (  1970)  . 


CONTAINS 
AS  TAKEN  FROM 


220 


noooonooooon 


C - 

C  ANALYSIS  VARIABLES 

C  KU  .  .,  COOLANT  THERMAL  CONDUCTIVITY  DATA 

C  NPRQPU  ...  NUMBER  OP  SUBSTRATE  MATERIAL  DATA  ENTRIES 
C  MAT  ...  ALPHANUMERIC  FOR  SUBSTRATE  TYPE 
C  TPROPU  ...  TEMPERATURES  FOR  FLUID  PROPERTY  DATA 

C - 

SUBROUTINE  PROPS* < NPRQPU p TPROPU p KUU p SI NK ) 


(U/M  DEG  K  > 
(  -) 

(  -  ) 

(DEG  K) 


DIMENSION  TPR0PU<20) pKUU(20) 
DIMENSION  TPROP< 18) pKU( 18) 
CHARACTER**  S I NK ( A ) p MA T ( * ) 
REAL  KU  t KUU 


DATA 

HAT 

/ 'SILI 

' p ' CON  ' p ' 

'  p  ' 

'/ 

DATA 

TPROP/  10. 

p  20. *  30. 

p  *0.. 

l 

50. 

p  60. p  70. 

p  8  0  .  p 

90.  p 

100.  p 

150.  p 

200. p  230. 

l 

273.2 

p  300 . p  350 . 

P  *00.1 

*  500./ 

DATA 

KU 

/2 1 1 0 . 

,4940. p  *8 1 0 . 

p  3330 ♦ P 

l 

2680. 

p  2 1 1 0  .  p  1680* 

p 1 3*0  ♦  i 

■  1080.  p 

88*.  p 

409.  p 

26*. p  191. 

l 

168. 

p  1*8. p  119. 

p  98 ♦ 9  p 

76.2/ 

NPROPU-18 


C  TRANSFER  VALUES 
DO  10  I  •  1  p  * 

SZNK< I ) -NAT ( X ) 

10  CONTINUE 

DO  100  I  - 1  p  NPROPU 

TPROPU  < I ) -TPROP ( I ) 

KUU  < I )-KU< I ) 

100  CONTINUE 
RETURN 
END 

END  OF  FILE  FOR  SUBROUTINE  PROPS* 


PR0PS5 :  URITTEN  BY  RICHARD  J.  PHILLIPS.  PROPS*  CONTAINS 

THE  SUBSTRATE  PROPERTY  DATA  FOR  ALUMINUM  AS  TAKEN  FROM 
TOULOUKIAN  (1970). 


ANALYSIS  VARIABLES 

KU  ...  COOLANT  THERMAL  CONDUCTIVITY  DATA 

NPROPU  ...  NUMBER  OF  SUBSTRATE  MATERIAL  DATA  ENTRIES 
MAT  ...  ALPHANUMERIC  FOR  SUBSTRATE  TYPE 
TPROPU  ...  TEMPERATURES  FOR  FLUID  PROPERTY  DATA 


(U/h  DEG  N ) 
(-> 

(  -  ) 

(DEG  K) 


SUBROUTINE  PRQPS3 ( NPROPU p  TPROPU p KUU p  S I NK ) 


DIMENSION  TPR0PU<20) p  KUU  <  20 ) 
DIMENSION  TPROP( 18) pKU< 18) 
CHARACTER**  S I NK ( * ) p MAT ( * ) 
REAL  KUrKUU 


DATA 

MAT 

/ ' ALUM ' 

p ' I NUM ' p 

' 

DATA 

TPROP/  10. 

p  20.  p 

30 

t 

50. 

p  60.  p 

70 

t 

230. 

p  273. 2p 

300 

DATA 

KU 

/23500 . 

p  11700.  p 

5180 

t 

1230, 

p  73*. p 

532 

1 

235. 

p  236. p 

237 

NPROPU-18 

C  TRANSFER  VALUES 
DO  10  1*1*4 

SINK ( I ) -MAT ( I ) 
10  CONTINUE 

DO  100  I*1pNPRQPU 


'  p  ' 

'  / 

p  *0.  p 

p  80.  p 

90. p  100. p 

150.  p 

200.  p 

p  350. p 

*00. p  500./ 

p  2380 « p 

p  *1*.  p 

3**.p  302. p 

CD 

<r 

237.  p 

p  2*0. p 

2*0 ♦ p  237./ 

221 


uuuuuuuuu  UUU  u  (_)  uuuuuuuuuuu 


TPROPU(I)»TPROP(I> 
kuu  ( I ) -KU ( I  ) 

100  CONTINUE 
RETURN 
END 

END  OF  FILE  FOR  SUBROUTINE  PR0PS5 


PROPS*:  WRITTEN  BY  RICHARD  J.  PHILLIPS.  PR0PS5  CONTAINS 

THE  SUBSTRATE  PROPERTY  DATA  FOR  COPPER  AS  TAKEN  FROM 
TOULOUK I  AN  (  1970). 


ANALYSIS  VARIABLES 

KU  ...  COOLANT  THERMAL  CONDUCTIVITY  DATA 

NPROPU  ...  NUMBER  OF  SUBSTRATE  MATERIAL  DATA  ENTRIES 
MAT  ...  ALPHANUMERIC  FOR  SUBSTRATE  TYPE 

TPROPW  ...  TEMPERATURES  FOR  FLUID  PROPERTY  DATA 


(U/M  DEG  K) 
(  -) 

<  -  ) 

(DEG  K> 


SUBROUTINE  PROPS* ( NPROPU » TPROPU » KUU . S I NK ) 
DIMENSION  TPR0PU(20) »  KUU ( 20 ) 

DIMENSION  TPROP (  1 8 ) , KU ( 1 8  ) 

CHARACTER*-*  SINK  (  4  )  » MAT ( 4  ) 

REAL  KU  >  KUU 

DATA  MAT  /'COPP'.'ER  '/ 

DATA  TPROP/  10..  20..  30..  *0.. 


1 

SO  «  t  60  ♦  » 

70.9  80.9 

90. 9 

100.9  130.9 

200.  9 

s 

2S0 ♦ t  273.29 

300.9  330.9 

400. 9 

300./ 

DATA  KU 

/ 1 9600 ♦ t 10500* » 

4300. 92030. 9 

S 

1220.>  830.» 

670.9  370.9 

314. 9 

483.9  428.9 

413.9 

S 

404.»  401.9 

398.9  394  *  9 

392. 9 

380./ 

NPROPU* 18 
TRANSFER  VALUES 
DO  10  1-1.4 

S I NK ( I ) -MAT ( I ) 

0  CONTINUE 

DO  100  I - 1 . NPROPU 

TPROPU ( I ) «TPROP( I ) 

KUU ( I ) -KU  <  I  ) 

00  CONTINUE 
RETURN 
END 

END  OF  FILE  FOR  SUBROUTINE  PROPS* 


PR0PS7 :  URITTEN  BY  RICHARD  J.  PHILLIPS.  PR0PS6  CONTAINS 

THE  SUBSTRATE  PROPERTY  DATA  FOR  SILVER  AS  TAKEN  FROM 
TOULOUKIAN  (1970). 


ANALYSIS  VARIABLES 

KU  ...  COOLANT  THERMAL  CONDUCTIVITY  DATA 

NPROPU  ...  NUMBER  OF  SUBSTRATE  MATERIAL  DATA  ENTRIES 
MAT  ...  ALPHANUMERIC  FOR  SUBSTRATE  TYPE 
TPROPU  ...  TEMPERATURES  FOR  FLUID  PROPERTY  DATA 


(U/M  DEG  K) 
(  -  ) 

<  -  ) 

(DEG  K) 


SUBROUTINE  PR0PS7 ( NPROPU . TPROPU . KUU . S INK ) 

DIMENSION  TPR0PU(20) . KUU ( 20 ) 

DIMENSION  TPROP( 18) .KU( 18) 

CHARACTER*4  S INK ( 4 ) , MAT ( 4 ) 

REAL  KU  >  KUU 

DATA  MAT  /'SILV'.'ER  '/ 

DATA  TPROP/  10..  20.,  30.,  40., 

I  50. »  60.,  70. »  80.,  90.,  100..  150.,  200.,  250., 


ononoonoooo 


500./ 


I  273.2#  300. »  350.#  400. * 

DATA  KU  /16800. #5100. #  1930. #1050.  # 

X  700.#  550.#  497.#  471.#  460.#  450.#  432.#  430.#  428.# 

X  428.#  427.#  424.#  420.#  413./ 

NPROPU-18 
C  TRANSFER  VALUES 
DO  10  I  *  1 #  4 

SINK< I )-MAT< I ) 

10  CONTINUE 

DO  100  I ■ 1 # NPROPU 

TPROPUd)-TPROP(I) 

KUU(I)-KU(I ) 

100  CONTINUE 
RETURN 
END 

END  OF  FILE  FOR  SUBROUTINE  PR0PS7 


PRINTO:  WRITTEN  BY  RICHARD  J.  PHILLIPS.  PRINTO  INITIALIZES 

AND  TERMINATES  THE  PRINTOUTS  OF  ANALYSIS  RESULTS. 


FLUID  ...  ALPHANUMERIC  FOR  COOLANT  TYPE  (-> 

TFLUIN  ...  ASSUMED  COOLANT  INLET  TEMPERATURE  (DEG  K> 

Q  ...  SURFACE  HEATING  RATE  <U/CM*2) 

SINK  ...  ALPHANUMERIC  FOR  SUBSTRATE  TYPE  <-) 

IDUM  ...  DUMMY  VARIABLE  FOR  PRINTOUT  CONTROL  <-) 


SUBROUTINE  PR  I NTO ( FLUI D » TFLUIN *  SI NK # Q # I DUM ) 

CHARACTERS  FLUID  (  3  )  #  SI  NK  (  4  ) 

Ctttttttt  FILE  11 

C  GEOMETRY#  FLOW  CONSTRAINTS#  AND  THERMAL  RESISTANCE 
C  LABEL  PRINTOUT 

I F ( IDUM.EQ .0)URITE( 1 1 » 500 ) S I NK # FLU  I D # TFLUI N » 0 
500  FORMAT ( '  SUBSTRATE  -  '#4A4» 

l'  LIQUID  COOLANT  »  '»3A4»'  TFLUIN  -  '#F5.1#'  DEG  K  ' # 

l '  Q  ■  '  #F6.0#  '  U/CMS2'  ) 

C  TOP  OF  PRINTOUT 

IF ( IDUM.EQ. 0)URITE( 11 #800) 

800  FORMAT ( 

l'  - + - + - + - + - + - + - + - + - + - + - +  ' 


801 


- + - + - +  + - + - + - + - + - + - +  ' 

/  # 

WC  UU  X  Z  T  ASPEC  ACBYAP  EBYDE  P BYE  PHI  ZI 

DELP  V  P-  RCOND  RC  RCONV  RBULK  RTOT  DTPUMP  ' 

/ » 

- + - + — + - + - + - + - + - + — + — + — + - 


- — + - + - ++ - + - + - + - + - + - +-  > 

IF( IDUM.EQ. 0 ) WRITE ( 11.801) 

FORMAT ( 


r 

'  LBF 
»/» 

cc/s 

u 

DEG. 

C  DEG.  C  DEG. 

C  DEG.  C  DEG.  C 

' 

'  h 

M 

M 

M 

M  - 

-  --  DEG 

DEG  ' 

/ 

»  /  » 

C  ' 
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It 

i'IN*2  CM*2  CM <2  U/CMB2  U/CMB2  U/CM*2  U/CM*2  U/CM*2 

tt/f 

i  / - + - + - + - + - ♦ - ♦ - ♦ - ♦ - + 

It 

i  / - + - + - +  + - + - + - ♦ - + - +  - 

IF ( IDUM«EQ«0)URITE( 11 >802) 

802  FORMAK 

i'  *E-6  *E-6  *E-6  *E-6 

It 

X' 

it /t 

i' - + - + - + - + - ♦ - + - + - + - + 


it 

i  ' - + - + - ♦♦ - ♦ - ♦ - ♦ - ♦ - +  - 

C  BOTTOM  OF  PRINTOUT 

IF< IDUM.EQ. 1 >URITE< lit  803 ) 

803  FORMAT ( 

i' - + - + - +. - + - + - + - + - + - + 

it 

i' - + - + - ++ - + - + - + - + - +  - 

Ctltmit  FILE  13 

C  FLOU  AND  HEAT  TRANSFER  VARIABLES 
C  LABEL  PRINTOUT 

I F ( IDUM.EQ.O)URITE< 13 t 500  >SINKt FLUID f  TFLUIN  r Q 
C  TOP  OF  PRINTOUT 

IF ( IDUM«EQ«0)URITE(13f901 ) 

901  F  ORM AT ( 

it 

i  ' - ♦ - + - ♦ - + - + - + - ♦ - ♦  ' 

It /t 


I'  DE 

DLE 

VC 

RE 

RESTAR  XSTAR  LPLUS  ' 

it 

i'  NU 

NUT 

FAPP 

K90 

KC  KE  F I  NCR  I  EFF 

it/# 

X'  - + 

- +  - 

- + 

♦ - + - + - +  ' 

i  t 

i ' - + 

I F ( IDUM . 

EQ • 0 ) UR  I TE ( 13t 

902) 

FORMAT ( 
i'  M 

M 

M/S 

__ 

__  . 

it 

i '  --  -  --  -  --  --  -  - 

i  t  / 1 

i ' - + - ♦ - + - ♦ - + - + - +  ' 

it 


X' - + - + - + - + - + - + - + - +  '  ) 

C  BOTTOM  OF  PRINTOUT 

I F (  IDUM.EQ. 1 ) UR  I TE ( 1 3  v 903 ) 

903  FORMAT ( 

I'* - + - + - + - + - + - + - +  ' 

it 

i ' - + - + - + - + - + - + - + - +' ) 

Ctttttttt  FILE  15 
C  TEMPERATURES 
C  LABEL  PRINTOUT 

I  F ( IDUM.EQ.0)URITE( 15 i 500) SINK t FLUID » TFLUIN, Q 
C  TOP  OF  PRINTOUT 

IF (  IDUM .EQ.O)URITE( I5t 10001  ) 


+ - + 


+ - + 

—  ♦'  ) 


♦ - + 

--+  '  ) 
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10001  F0RMAT( 


1 

1 

1 

1 

+ 

1 

1 

1 

1 

1 

1 

+ 

1 

1 

1 

1 

1 

1 

«•  . 

1 

1 

1 

» 

1 

+ 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1  \ 

>•*«*« 

+ 

1 

t 

1 

1 

1 

+ 

1 

t 

1 

1 

1 

1 

+ 

1 

1 

» 

1 

1 

1 

+ 

1 

1 

1 

1 

1 

1 

+ 

1 

TFINL  TFLUL  TTBL  TFLLAV  TFILAU  TFINX  TFLUX  TTBX  TFLXAV 


I'TFIXAV  TTX  TTB 

1) 

TTIPX  TFLUO  DTPUhL  DTPUhX  ' 

IF ( IDUM.EQ.O )URITE( 15* 10002) 
10002  FORMAT  < 


r  - + - + - 

+ 

i 

i 

i 

i 

i 

i 

+- 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

t 

i 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

i  * 

i' - 4 - 4 - 

i  *  /  * 

l'  DEG.  C  DEG.  C  DEG. 

,  C  DEG.  C  DEG.  C  DEG.  C  DEG.  C  DEG.  C  DEG.  C 

1  * 

l '  DEG  .*  C  DEG.  C  DEG. 

It/, 

r  - + - + - 

C  DEG.  C  DEG.  C  DEG.  C  DEG.  C  ' 

i  * 

l' - 4 - + - 

t) 

C  BOTTOM  OF  PRINTOUT 

I F ( IDUM.EQ. 1 ) WRITE ( 15» 10003) 
10003  FORMAK 


t'  - 4 - 4 - 

It 

r - + - + - 

») 

ctmtm  file  17 

C  PROPERTIES 

C  LABEL  PRINTOUT 

+ 

1 

1 

1 

1 

1 

1 

+ 

t 

1 

1 

1 

1 

1 

1  + 

1  1 

1  1 

1  1 

1  1 

1  1 

-♦*  1 

1  + 

1  1 

1  1 

1  1 

1  1 

1  1 

1 

1 

1  1 

1  1 

1  1 

1  1 

1  1 

+■  | 

1  + 

1  1 

1  1 

1  1 

1  1 

1  1 

I 

1  -t“ 

1  1 

IF< IDUM. EO .0) WRITE ( 1 7 * 500 ) SI NK * FLU I D * TFLU I N * Q 
C  TOP  OF  PRINTOUT 

I F ( IDUM.EQ.O)URITE( 17*20001 ) 


20001  FORMAT ( 

X'  - 4 - 4 - 

*  . 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

■+- 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

l 

i 

i 

i 

+- 

i 

i 

I 

I 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

■+- 

H  H  • 

\  • 

1 

1 

1 

1 

+ 

i 

i 

i 

i 

l 

i 

+ 

i 

i 

i 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

I 

i 

i 

i 

+- 

i 

I 

i 

i 

I 

I 

+ 

I 

i 

i 

i 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

+■ 

1 '  cpflul  cpflux  kflul  kflux  prflul  prflux  rhofll  rjoflx  muflul 

It 

I'MUFLUX  MUFLLA  MUFLXA  MUFILA  MUFIXA  KFINL  KFINX  K  T BL  KTBX 

l  ) 

IF ( IDUH.EO* 0)URITE( 17*20002) 

20002  FORMAT ( 


X'  - 4 - 4 - 

x  f 

+ 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

-f- 

i 

i 

i 

i 

i 

i 

+ 

i 

i 

i 

i 

i 

i 

-4- 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

+ 

1 

1 

■ 

X  ' - 4 - 4 - 

It/ t 

l '  J/KG  C  J/KG  C  U/M 

x  t 

C  U/H  C  --  --  KG/H*3  KG/H*3  KG/N  S 

I'KG/M  S  KG/M  S  KG/M 

It/ t 

X'  - 4 - 4 - 

X  f 

S  KG/M  S  KG/M  S  U/M  C  U/M  C  U/M  C  U/M  C 

X ' - + - + - 

l ) 

C  BOTTOM  OF  PRINTOUT 

1 

l 

-♦* 

1 

1 

1 

1 

1 

1 

+ 

1 

1 

1 

1 

1 

1 

+ 

1 

1 

1 

1 

1 

1 

-4- 

1 

1 

1 

1 

1 

1 

+ 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

-+- 
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I F  < IDUM.EQ. 1 ) WRITE (  17,20003) 
20003  FORhAK 


END 


If 

I' - H 

S) 

RETURN 

END 

OF  FILE 


WRITTEN  BY  RICHARD  J.  PHILLIPS.  PPLOTT  PLOTS  THE  THERMAL- 
HYDRAULIC  RESULTS  USING  THE  DISSPLA  PLOTTING  PACKAGE.  NOTE 
THAT  A  'C'  HAS  BEEN  ADDED  BEFORE  COLUMN  1  TO  COMMENT  OUT 
THE  ENTIRE  SUBROUTINE. 


C 

C - 

c  pplott: 
c 
c 
c 

c - 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c  - 
c 
c 
c 
c 
c 

cc 
c 

cc 
cc 


FOR  SUBROUTINE  PRINTO 


ANALYS 

ICASE 

IINUM 

IX 

NCURVE 

XI 

XX 

XSTARX 
Y  1  A 
Y1B 

Y1C 

Y2 

Y3 


IS  VARIABLES 

...  ANALYSIS  METHOD  CONTROL  PARAMETER 
...  ARRAY  OF  THE  NUMBER  OF  CURVE  DATA  POINTS 
...  CONTROL  FOR  IF  X  OR  WC  IS  VARIED 
...  NUMBER  OF  CURVE  SETS  TO  BE  PLOTTED 
...  CHANNEL  WIDTH  ARRAY  DATA  POINTS 
...  ARRAY  OF  CHANNEL  POSITION  X  VALUES 
...  ARRAY  OF  THERMAL  ENTRANCE  LENGTHS 
...  TOTAL  THERMAL  RESISTANCE  ARRAY  DATA  POINTS 
...  CONVECTIVE  THERMAL  RESISTANCE  ARRAY  DATA 
POINTS 

...  COOLANT  BULK  TEMPERATURE  RISE  THERMAL 
RESISTANCE  ARRAY  DATA  POINTS 
...  COOLANT  PUMPING  POWER  PER  UNIT  SURFACE  AREA 
ARRAY  DATA  POINTS 

...  ARRAY  FOR  LOCATION  OF  MARKER  SYMBOLS 


(-  ) 

(-) 

(-) 

(  -  ) 

(M) 

(M) 

(  -  ) 

(DEG  C/(W/CM*2> ) 

(DEG  C/(U/CM*2) ) 

(DEG  C/(U/CM*2> ) 

( W/CM*2 ) 

<-) 


SUBROUTINE  PPLOT T ( X 1 , Y 1 A , Y1 B , Y 1 C , Y2 , Y 3 , 1 1 NUM , NCURVE , I C ASE , 

S  IX, XX, XSTARX) 

DIMENSION  XI (5, 2, 100) ,Y1A(5*2* 100) ,Y2<3,2, 100) ,Y3(5,2, 100) , 
XI  INUM<  5, 2)  , ICASE (5) , X ( 1 00 ) , Y ( 1 00 )  , Y 1 B ( 5 , 2 , 1 00 )  ,  Y 1 C ( 3 »  2 , 1 00 ) 
IXX<5,2, 100) , XSTARX (S, 2, 100) 

DETERMINE  IF  X  OR  WC  WAS  VARIED 
IF (  I X  *  EQ . 2 ) GO  TO  30000 
THE  CHANNEL  WIDTH  WAS  VARIED 
DEFINE  THERMAL  RESISTANCE  PLOT 


c 

CALL 

HUSC AL ( 'SCREEN ' ) 

c 

CALL 

HUROT (  'AUTO'  ) 

c 

CALL 

NOBRDR 

c 

CALL 

NOCHEK 

c 

CALL 

SETDEV (20,20) 

c 

CALL 

GRACE ( 0 .  ) 

c 

CALL 

P AGE ( 8 ♦ 3  » 1  1  . ) 

c 

CALL 

PHYSOR ( 2 . 0 , 4 ♦ 6 ) 

c 

CALL 

ARE A2D ( 5 •  ,3. ) 

c 

CALL 

FRAME 

c 

CALL 

YNAME( 'TOTAL  THERMAL  RESISTANCE 

c 

CALL 

XNAME( 'CHANNEL  WIDTH  -  MICRO  M' 

c 

CALL 

YLOG ( 0 ♦ ,100., 0.010, 2. 3) 

cc 

CALL 

YLOG ( 0  .  ,  100.  ,0.001,1.6667) 

c 

CALL 

BLSYM 

c 

CALL 

THKCRV (0.02) 

cc 

LOOP  FOR 

UP  TO  FIVE  SETS  OF  CURVES 

-  DEG 
>23) 


C/(U/CM**2) ' ,42) 


DO 


1000 
IF  (  I  . 


1=1 , NCURVE, 1 
EQ . 2 ) CALL  DOT 
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C  IF ( I  .  EQ . 3 ) CALL  DASH 

C  I F ( I . EQ . 4  )  C ALL  CHNDOT 


C  I F ( I . EQ  .  5 ) C ALL  CHNDSH 

C  IF  < ICASE( I  )  . EQ . 1 >  JM I N* 1 

C  IF  <ICASE< I ) .EQ. 1 ) JMAX= 1 

C  IF( ICASE( I > .EO. 2) JMIN*1 

C  IF(ICASE(I) .EQ.2)JMAX=2 

C  IF< ICASE< I ) .EQ.3) JhIN=2 

C  IF( ICASE( I > .EO. 3) JMAX-2 

CC  LOOP  FOR  FLOU  REGIME 
C  DO  300  J»  JM IN . JMAX  » 1 

C  INUM-I INUM< I . J) 

CC  LOOP  FOR  I  HUM  DATA  POINTS  FOR  EACH  CURVE  SET 
CC  TOTAL  THERMAL  RESISTANCE 


C  DO  173  K»li I NUM . 1 

C  XOO-Xl  <  I  .  J.K) 

C  Y  (  K  >  ■  Y  1 A  ( I  »  J  »  K  ) 

C  IF(K.EQ.1)G0  TO  30 

C  IF ( K . EQ . I NUM ) GO  TO  30 

C  IF( Y3( I . J.K)  .EO.  (  Y3( I . J. K+l > > >G0  TO  175 

C30  CONTINUE 

C  IF(Y3(I.J»K).EQ.1)CALL  MARKER  <  2 ) 

C  IF (Y3( I t JiK) .EQ. 2 ) CALL  MARKER  <  6 ) 

C  IF ( (J.EQ. 1 ) • AND. (K.EQ. 1  )  )  C ALL  MARKER  <  16  > 

C  IF< ( J.EQ.2) .AND. (K.EQ.  1) >CALL  MARKER (15) 

C  IF< < J.EQ. 1 ) .AND. (K.EQ. INUM) )CALL  MARKER (17) 

C  IF( (J.EQ.2) .AND. (K.EQ. INUM) >CALL  MARKER (18) 

C  IF( ( J.NE. 1 ) .OR . ( Y3( I  * J.K) . NE. 1 ) )G0  TO  175 

C  I F ( K . EQ • 1 ) 00  TO  173 

C  CALL  CURVE(X(K) . Y (K) . 1  .-1  ) 

C 1 73  CONTINUE 

C  CALL  CURVE(X.Y.INUM.O) 

CC  CONVECTIVE  THERMAL  RESISTANCE 
C  DO  200  K« 1  *  I NUM  *  1 

C  X<K)*X1(I*J»K) 

C  Y(K)«Y1B(I»J»K) 

C  IF ( K . EQ . 1 ) GO  TO  150 

C  IF ( K . EO . I NUM ) GO  TO  130 

C  IF(Y3(I»J»K).EQ.(Y3(I»J»K+1)))G0  TO  200 

C 1  SO  CONTINUE 

C  IF(Y3(ItJtK) . EQ . 1 ) CALL  MARKER ( 2 ) 

C  IF (Y3( I i JiK) . EO . 2 ) C ALL  MARKER ( 6 ) 

C  IF( ( J.EQ. 1 ) .AND. (K. EQ. 1 ) )CALL  MARKER ( 16  ) 

C  IF( (J.EQ.2) .AND. (K . EQ . 1 ) )CALL  MARKER ( 13 ) 

C  IF( (J.EQ. 1) .AND.  (K.EQ.  INUM)  )CALL  MARKER (17) 

C  IF( (J .EQ.2) .AND. (K. EQ. INUM) )CALL  MARKER (18) 

C  IF((J.NE.l).0R.(Y3(I>JtK).NE.l))G0  TO  200 


C  IF ( K • EQ . 1 ) GO  TO  200 

C  CALL  CURVE(X(K).Y(K)»1.-1) 

C200  CONTINUE 
C  CALL  CURVE ( X  >  Y . I NUM  »  0  > 

CC  COOLANT  BULK  TEMPERATURE  RISE  THERMAL  RESISTANCE 
C  DO  300  K-l.INUM.l 

C  X(K)«X1 (  I  . J.K) 

C  Y(K) -Y1C( I . J.K) 

C  I F ( K . EQ . 1 ) GO  TO  230 

C  I F ( K . EQ . I NUM ) GO  TO  250 

C  IF(Y3( I » J.K) .EO. (Y3( I  .  J.K  +  1 > > >G0  TO  300 

C250  CONTINUE 

C  IF(Y3( I. J.K) .EQ. 1)CALL  MARKER ( 2  ) 
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c 

c 

c 

c 

c 

c 

c 

c 

C300 

c 

C500 

ClOOO 

c 

c 

c 

c 

cc 

cc 

cc 

c 

c 

cc 

c 

c 

cc 


2  )  CALL  MARKER ( 6 ) 

(K.EQ. 1 ) ) CALL  MARKER ( 1 6 ) 

1  )  ) CALL  MARKER<15) 

I HUM ) ) CALL  MARKER (17) 
INUM) ) CALL  MARKER ( 18) 
ME. 1 >  >GO  TO  300 


,  <K, 
<K. 
»  (K. 


EQ  . 
EQ. 
EQ  < 


IF(Y3(I*J»K) .EQ 
IF<< J.EQ.l) .AND 
I F ( < J.EQ. 2) .AND 
IF( (J.EQ.l ) .AND 
IF< ( J.EQ. 2) .AND 
IF( < J.NE. 1 ) .OR. < Y3< I » Jt K) 
IFOC.EO.l  >00  TO  300 
CALL  CURVE (X(K) tYOOtlf-l) 
CONTINUE 

CALL  CURVE<X*Y*INUM*0) 

CONTINUE 

CONTINUE 

IF(NCURVE.EQ.2)CALL  RESET ( 7  DOT  7  ) 
IF(NCURVE.EQ.3)CALL  RESET <  7 DASH 7 > 

IF <NCURVE.EQ*4)CALL  RESET  <  7 CHNDOT  7  ) 
IF<NCURVE.EQ.5)CALL  RESET ( 7  CHNDSH  7  ) 
LABEL  SURFACE  TEMPERATURE  RISE  -  YOU 


CALL  YLGAXS(0. 1 *2.0*6, 
1-100*7. *0. > 

CALL  YNONUM 

CALL  YLGAXS< 1 .0*2. 3*5.  *  7  % 
CALL  YLGAXSd  .0*  1 .6667*5.  * 
CALL  RESET  <  7  YNONUM  7 > 

CALL  ENDQR(O) 

DEFINE  PUMPING  POWER  PLOT 


r  PEAK  SURFACE 


PROVIDE  THE 
TEMPERATURE 


HEATING  RATE 
RISE  -  DEG  Ct' 


*-100*5. i 

%' » - 1 00 i 


*0.  ) 


c 

CALL 

PAGE (8.5*11. ) 

c 

CALL 

PH YSOR (2.0* 1 .0) 

c 

CALL 

ARE A2D ( 5 • *3. ) 

c 

CALL 

FRAME 

c 

CALL 

YNAME  <  7  PUMP  I NG  POWER  - 

c 

CALL 

XNAME  <  7  CHANNEL  WIDTH  - 

c 

CALL 

YLOG  <  0 . *100. *0.10*1.0) 

c 

CALL 

YNONUM 

c 

CALL 

YLGAXSCO. 10* 1 .0*3. *  7  7 

c 

CALL 

RESET  < 7  YNONUM  7  ) 

c 

CALL 

BLSYM 

c 

CALL 

THKCRV  <  0 ♦ 02  > 

cc 

LOOP  FOR 

UP  TO  FIVE  CURVES 

UI/CM**27 
MICRO  M7 


23) 

23) 


*-1*5. *0. ) 


C  DO  2000  I  *  1  *  NCURVE  *  1 

C  I F ( I • EQ . 2 ) CALL  DOT 

C  I F ( I . EQ . 3 ) CALL 

C  IF ( I • EQ . A  )  C ALL 

C  I F  < I . EQ . 5 ) CALL 

C  IF( ICASE( I ) .EQ, 

C  IF( ICASE( I ) .EQ 

C  I F ( ICASE ( I )  . EQ 

C  IF( ICASE( I ) .EQ 

C  IF<ICASE< I > .EQ, 

C  I F  < ICASE< I ) .EQ 

CC  LOOP  FOR  FLOW  REGIME 
C  DO  1500  J-JMIN* JMAX* 1 

C  INUM*IINUM(I*J) 

CC  LOOP  FOR  INUM  DATA  POINTS 
C  DO  1 100  K-l * INUM*  1 

C  X(K)»X1(I* J*K) 

C  Y(K)*Y2(I»J»K) 

C  IF ( K . E Q . 1 ) GO  TO 

C  I F ( K . EQ . I NUM ) GO 

C  IF( Y3( I  * J*K) .EQ 

C 1 050  CONTINUE 


DASH 
CHNDOT 
CHNDSH 
1  ) JMIN=1 
1  )  JMAXd 
2)  JMIN-1 

2)  JMAX  =  2 
3  )  JM I N*2 

3)  JMAX-2 


1050 
TO  1050 

( Y3< I  * J*K+1 ) ) ) GO 


TO  1100 
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c  IF<Y3(IfJfK)  ♦  EQ ♦ 1 >  C ALL  MARKER ( 2 ) 

C  lF(Y3<ItJtK) . EQ*  2)CALL  MARKER ( 6 ) 

C  IF< ( J*EQ. t ) . AND. <K*EQ. 1 ) )CALL  MARKER  < 1 6 ) 

C  IF( ( J.EQ.2) ♦ AND. (K.EQ. I > >CALL  MARKER (15) 

C  IF  (  ( J  *  EQ ♦ 1 )  *  AND  ♦  <  K ♦ EQ  ♦  I  HUM)  )  CALL  MARKERU7) 

C  IF< ( J  *  EQ • 2 ) ♦  AND* ( K ♦ EQ ♦ INUM ) ) CALL  MARKER (18) 

C  IF  < ( J.NE. 1 ) .OR* < Y3< 1 1 Jt K) .  NE . 1 ) >GO  TO  1100 

C  IF ( K ♦ EG ♦ 1 ) GO  TO  1100 

C  CALL  CURVE <X<K)»Y<K)»1»-1) 

C1100  CONTINUE 
C  CALL  CURVE(Xt Yf iNUMt 0) 

C1500  CONTINUE 
C2000  CONTINUE 
C  CALL  ENDPL(O) 

C  CALL  DONEPL 

C  RETURN 

C50000  CONTINUE 

CC  THE  POSITION  FROM  THE  CHANNEL  ENTRANCE  WAS  VARIED 
CC  DEFINE  THERMAL  RESISTANCE  PLOT 


C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

CC 

CC 

C 

CC 

CC 

C 

C 

C 

C 

CC 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


HWSC AL ( ' SCREEN ' ) 

HWROT ( ' AUTO ' ) 

NOBRDR 
NOCHEK 

SETDEV ( 20  f  20 ) 

GRACE ( 0 • ) 

PAGE ( 8 • 5  f 1 1 . ) 

PH YSOR ( 2 ♦ t 2. ) 

ARE A2D ( 5  «  5  *  3  «  S  ) 

FRAME 

HEADIN< ' MICROCHANNEL  THERMAL  RESISTANCE' 1 31  r  t • t 1 ) 

THAT  PLOTS  VERSUS  THERMAL  ENTRANCE  LENGTH  USE  XST ARX  r  AND 
PLOTS  VERSUS  DISTANCE  FROM  UPSTREAM  HEATER  EDGE  USE  XX  ARRAYS 
CALL  YNAME<  7  TOTAL  THERMAL  RESISTANCE  -  DEG  C/ ( U/CM* *2 ) 7  r 42 ) 
XNAME( 'THERMAL  ENTRANCE  LENGTH  -  DI MENS I ONLESS 7 . 3? ) 

GRAF ( 0 ♦ f .01 f .04»0*  t  *05» .2) 

XNAME( 'DISTANCE  FROM  CHANNEL  ENTRANCE  -  M7,34> 

GRAF <  0 • 0 1 0  » 002 1 0 • 01 tO*  t .05 t *30) 

BLSYM 

THKCRV ( 0 • 02 ) 

UP  TO  FIVE  SETS  OF  CURVES 
DO  51000  I  * l f  NCURVE 1 1 
I F ( I • EQ • 2 ) CALL  DOT 
IF ( I • EQ  «  3 ) CALL  DASH 
IF ( I • EQ • 4 ) CALL  CHNDOT 
IF ( I • EQ  «  5 ) CALL  CHNDSH 
IF ( I CASE ( I ) «  EQ • 1 ) JM IN- 1 
IF ( IC ASE ( I) • EQ • 1 ) JMAX= 1 
IF ( I  CASE ( I ) .EQ.2)  JMIN-1 
IF ( IC ASE ( I ) *EQ. 2) JMAX=2 
IF ( IC ASE ( I) *EQ.3) JMIN-2 


CALL 

CALL 

CALL 

CALL 

CALL 

CALL 

CALL 

CALL 

CALL 

CALL 

CALL 

NOTE 


CALL 
CALL 
CALL 
CALL 
CALL 
CALL 
LOOP  FOR 


C  IF< I CASE ( I) *EQ*3)JMAX*2 

CC  LOOP  FOR  FLOW  REGIME 
C  DO  30300  J* JM IN*  JMAX  t 1 

C  INUM-IINUM< It J) 

CC  LOOP  FOR  INUM  DATA  POINTS  FOR  EACH  CURVE  SET 
CC  TOTAL  THERMAL  RESISTANCE 
C  DO  50100  K-lt INUM»1 

CC  X ( K ) ■ XST  ARX ( I  rJrK) 

C  X<K)=XX(  I  r JrK) 

C  Y  (  K  )  ■  Y 1 A  (  I  »  J  t  K  ) 
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C  IF ( K . EQ . 1 >  GO  TO  50050 

C  IF ( K . EQ . I  HUH ) 00  TO  50030 

C  IF(Y3(I»J»K) •  EQ . (Y3(I.J.K+1)) ) GO  TO  30100 

C50050  CONTINUE 

C  IF(Y3(I»J.K) *  EQ . 1 ) CALL  MARKER(2) 

C  I F  <  Y3  < I »JfK) .  EQ  .  2 ) CALL  MARKER ( 6 ) 

C  IF( ( J.EQ. 1 ) ♦AND# (K.EQ. 1 ) >CALL  MARKER (16) 

C  I F ( (J«EQ«2) •  AND . (K.EQ. 1) ) C ALL  MARKER ( 13 ) 

C  I F ( ( J . EQ  .  1  ) .  AND .  ( K . EQ . I NUM ) >  CALL  MARKER (17) 

C  IF ( ( J . EQ . 2 )  ♦ AND . ( K . EQ . I NUM )  ) CALL  MARKER(18) 

C  IF((J.NE.1).0R.(Y3(I»J»K).NE.1))G0  TO  30100  < 

C  I F ( K . EQ . 1 ) GO  TO  50100 

C  CALL  CURVE(X(K)rY(K)t lr-1) 

C50100  CONTINUE 


C 

CC 
C 

CC 

C 

C 

C 

C 

C 

C50150 

C 

C 

C 

C 

C 

C 

C 


CALL  CURUE(X»Yr INUMfO) 
CONNECTIVE  THERMAL  RESISTANCE 
DO  50200  K-lvINUhvl 
X(K)«XSTARX(Ir JrK) 

X ( K ) *XX (  I  r  J  r  K  ) 
Y(K)«YlB(Ir JrK) 

I F ( K . EQ • 1 ) GO  TO 
I  F ( K . EQ • I NUM ) 00 
I F ( Y3 ( I r  JrK) .EQ 
CONTINUE 
IF ( Y3 ( I r Jt K) .EQ 


30150 
TO  30150 

(Y3(I t JfK+1 ) ) )G0  TO  50200 


1  )  CALL  MARKER ( 2 ) 

IF( Y3< I r JrK)  .EQ.2)CALL  MARKER ( 6  > 

I F ( ( J  «  EQ • 1 ) .AND. (K.EQ. 1 ) ) CALL  MARKER ( 16) 

IF< ( J.EQ .2)  .AND. (K.EQ. 1 ) ) CALL  MARKER ( 15 ) 

IF ( (J.EO. 1 > .AND. (K.EQ. I NUM) ) CALL  MARKER ( 17) 
IF( ( J. EQ . 2) .AND. (K.EQ. I NUM) ) CALL  MARKER ( 18 ) 
CALL  CURVE(X(K)rY(K> rlr-1) 


C50200  CONTINUE 


C 

CC 
C 

CC 

C 

C 

C 

c 

c 

C30250 

C 

C 

C 

C 

C 

C 

c 


CALL  CURVE(XrYr INUMrO) 

COOLANT  BULK  TEMPERATURE  RISE  THERMAL  RESISTANCE 
DO  50300  K-1.INUM.1 
X(K)«XSTARX(I . J.K) 

X  <  K ) «XX ( I .J.K) 

Y(K)«Y1C( I . J.K) 

I  F ( K . EQ . 1  ) GO  TO  50230 
I F ( K . EQ • I NUM  >  00  TO  50230 
IF  <Y3( I » J.K) .EQ. 

CONTINUE 
IF ( Y3< I . JrK) .EQ i 
IF ( Y3 ( I r  J «  K ) .EQ. 

I F ( (J.EQ. 1 > .AND. 


(Y3( I . J.K+1 > ) ) GO  TO  50300 


> 1 ) C ALL  MARKER ( 2 ) 

►  2 ) CALL  M ARKER ( 6 ) 

( K . EQ ♦  1  )  ) CALL  MARKER (16) 

IF( ( J.EQ. 2)  .AND. (K.EQ. 1)  ) CALL  MARKER (15) 

IF (( J.EQ. 1 ) .AND. (K.EQ. I NUM) ) C ALL  MARKER ( 17) 
IF( ( J.EQ .2) . AND. (K .EQ. I NUM) ) C ALL  MARKER < 18) 
CALL  CURVE (X(K).Y(K).1.-1) 

C30300  CONTINUE 
C  CALL  CURVE (X.Y . INUM.O ) 

C30300  CONTINUE 
C31000  CONTINUE 

C  IF (NCURVE  *EQ. 2 ) CALL  RESET ( ' DOT ' ) 

C  IF (NCURVE  *EQ*3)CALL  RESET ( ' DASH ' ) 

C  IF (NCURVE.EQ. 4)CALL  RESET ( ' CHNDOT ' ) 

C  IF (NCURVE.EQ .5 ) CALL  RESET (' CHNDSH ' ) 

C  CALL  RESET ( ' THKCRV ' ) 

C  CALL  DOT 

C  CALL  GRID<2.2) 
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c 

cc 

cc 

cc 

c 

cc 

c 

c 

c 

c 

c 

cc 

c- 

c 

c 

c 

c- 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c- 

c 

c 

c 

c 

c 

c 

c 

c 


CALL  RESET  < 'DOT' ) 

NOTE  THAT  YOU  MUST  PROVIDE  THE  HEATING  RATE  TO  LABEL  TEMP.  RISE 
CALL  YGRAXS ( 0 •  » 5  *  *  1 0 . 0  »  3 .5  * '  SURFACE  TEHPERATURE  RISE  -  DEG  CIS 
t- 100  f  5 • 5  r  0 • ) 

CALL  YNONUM 

CALL  YGRAXSCO. »  5 .  » 1 0 . 0  »  3 . 5  #  '  t ' f -100 > 5 . 5 » 0. > 

CALL  RESETC ' YNONUM ' ) 

CALL  ENDPLCO) 

CALL  DONEPL 

RETURN 

END 

END  OF  FILE  FOR  SUBROUTINE  PPLOTT 


pinput: 

WRITTEN  BY  RICHARD  J.  PHILLIPS.  PINPUT  PLOTS 
ARRAY  DATA.  NOTE  THAT  A  'C'  HAS  BEEN  ADDED 

TO  COMMENT  OUT  THE  ENTIRE  SUBROUTINE. 

THE  INPUT 

BEFORE  COLUMN  1 

ASPECT  . 

•  • 

CHANNEL  ASPECT  RATIO 

(  -  ) 

B 

•  * 

FIN  HEIGHT 

(M) 

DELP 

•  • 

PRESSURE  DROP 

(  PSI  ) 

EBYDE  . 

RATIO  OF  RIB  HEIGHT  TO  HYDRAULIC  DIAMETER 

(  -  ) 

ICASE 

•  » 

CASE  SELECTION  CONTROL  VARIABLE 

(  -  ) 

ICONS  . 

COOLANT  FLOW  CONSTRAINT 

(-) 

IKLOSS  . 

CONTROL  FOR  INCLUDING  K90»  KC  AND  KE 

<-) 

IX 

«  « 

CONTROL  VARIABLE  FOR  IF  X  OR  UC  IS  VARIED 

(  -  ) 

IZ 

CONTROL  VARIABLE  FOR  FIN  HEIGHT  CONSTRAINT 

(  -  ) 

L 

*  , 

CHANNEL  LENGTH 

(M) 

NCURVE  . 

*  • 

CONTROL  VARIBLE  FOR  STORAGE  OF  PLOTTING  DATA  (-) 

:  NFLU I D  . 

*  * 

COOLANT  IDENTIFIER  NUMBER 

<  -  ) 

NS  I  NK 

*  • 

SUBSTRATE  MATERIAL  INDENT IFIER  NUMBER 

(  -  ) 

PBYE 

*  • 

RATIO  OF  RIB  SEPARATION  TO  RIB  HEIGHT 

<  -  ) 

PHI 

«  « 

REPEATED-RIB  FLOW  ATTACK  ANGLE 

( DEGREES) 

POWER  . 

•  . 

PUMPING  POWER  PER  UNIT  CIRCUIT  SURFACE  AREA 

( U/CM*2 ) 

Q 

•  « 

INPUT  HEAT  FLUX  FROM  THE  SURFACE 

( W/CM*2  ) 

:  T 

•  . 

SUBSTRATE  THICKNESS 

(M) 

TFLU IN  , 

•  , 

COOLANT  INLET  TEMPERATURE 

( DEG  K ) 

:  VOLUME  . 

*  • 

COOLANT  FLOW  RATE  PER  UNIT 

CIRCUIT  SURFACE  AREA 

<  <  CM*3/S)/CM<2 ) 

WCEND 

«  « 

MAXIMUM  CHANNEL  WIDTH  CONTROL  VARIABLE 

(M) 

WC I  NCR  • 

.  « 

CHANNEL  WIDTH  INCREMENT  CONTROL  VARIABLE 

(  M  ) 

:  WCSTAR  . 

.  * 

MINIMUM  CHANNEL  WIDTH  CONTROL  VARIABLE 

<  M  ) 

WWBYWC  . 

•  • 

RATIO  OF  FIN  WIDTH  TO  THE  CHANNEL  WIDTH 

(  -  ) 

XI 

1  • 

DUMMY  VARIABLE 

(  -  ) 

ZI 

‘  * 

REPEATED-RIB  SHAPE  ANGLE 

(DEGREES) 

SUBROUTINE  P  I NPUT < NCURVE » I CASE > NS  I NK f NFLU I D > TFLU I N r Q r UCST AR , UCEND , 
l  UC I NCR  *  UUBYUC » 1 2 » I  X , B f ASPE C T  r L »  T r IKLOSS* 

1  ICONS » DELP > VOLUME » POWER tEBYDEt PB YE* PH  I  til) 

DIMENSION  NSINKCS)  »  NFLU I D  <  5 ) »TFLUIN(5) »Q<3) rUCSTAR(S) rUCENDCS)  » 
tUCINCRC  5) fWWBYWC(5)»IZ(5)fB<5) > ASPECT <5)»L<3)»T<5)f IKLOSS (  5  >  * 
l ICONS  <  3 )  »  DELP  C  3 )  » VOLUME (3) fP0UER<5)  rEBYDE(5)rPBYE(5)FPHI(5)FZI(5>i 
IICASEC5) »  X 1 ( 3 ) 

DATA  XI/1 .2f2.4f3.6»4,8»6./ 


CC  SET  UP  PLOTTER 
C  CALL  HUSCALC  #  SCREEN  ' 

C  CALL  HUROT (  'AUTO'  ) 

C  CALL  NOBRDR 

C  CALL  NOCHEK 

C  CALL  SET  DEV  (20*20) 

C  CALL  GRACECO.  ) 


) 
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CC  PLOT  OUT  THE  ARRAY  INFORMATION 


C 

C 

C 

C 

C 

C 

C 

C 

C 

S.C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

C  98 

c 

C99 

C 

C 

C 

C 

c 

c 

c 

c 

c 

c 

c 

ClOO 

c 

C101 

c 

c 

c 

c 

c 

c 

c 

C  1  02 

c 

C  1  03 

c 

c 

c 

c 

c 

c 

Cl  04 

c 


CALL  PAGE (  8 . 3  >  1  1  . ) 

CALL  PHYSOR ( 1 . *  0. ) 

CALL  AREA2D <  7 . >9.  ) 

CALL  HESSAG ( ' INPUT 
CALL  HE  I GHT (0.1) 

CALL  MESSAG ( ' 

IF ( IX • EQ • 1 ) CALL 
l '  CALCS •  DONE  AT 
13) 

I F ( I  X  *  EQ • 2 ) CALL  MESSAG ( 

X  *  CALCS  «  ALONG  CHANNEL  - 
CALL  MESSAG ( 'LINE  TYPE : ! 


DATA  FOR  MICROHEX  COMPUTATIONS! ' > 1  00  > 1 .6*0*6) 


ix: 

MESSAG ( 
CHANNEL 


rlhO.  >8.3) 


EXIT  -  CHANNEL  WIDTH  VARIED!'  > 1 00  >  X I (1 ) i 8  < 


CHANNEL  WIDTH  IS 
f lOOv-O.l >8.0) 


CONSTANT!' > 1 00 > X I < 1 ) > 8 . 3 ) 


SOLID' > 12> XI ( 1 ) > 8.0) 


DOT' >12>XI(2)>8. 
DASH' p 12t XI <3>  >8. 
CHNDOT ' > 1  2 »  X  I  <  4  )  »  8  . 
CHNDSH ' > 12p XI ( 5) >  8, 
ICASE:  '  >U>0.  >7.7) 


0) 

0) 

0) 

0) 


CALL  MESSAG ( ' 

CALL  MESSAG ( ' 

CALL  MESSAG < ' 

CALL  MESSAG ( ' 

CALL  MESSAG  < ' 

CALL  MESSAG ( ' 

DO  99  1-1 >5>  1 

I F  < I . GT . NCURVE ) GO  TO  98 

IF(ICASE( I ) . EQ . 1 ) CALL  MESSAG( '  FD  L AM ' > 1 2 > X I ( I ) > 7 . 7 ) 

I F ( ICASE ( I ) .EQ. 2) CALL  MESSAG ( ' FD/D > LAM/TUR ' >12>XI(I)>7.7) 
IF < I  CASE < I ) .EQ. 3) CALL  MESSAG (' FD > TUR > ROUGH ' >12>XI<I)>7.7) 
GO  TO  99 
CONTINUE 

CALL  MESSAG  <  '  NA '  > 1 2 > X I ( I ) > 7 

CONTINUE 

CALL  MESSAG( 'MATERIAL?  '>ll>0.>7.4) 

DO  101  I  ■  1  >  5  >  1 

IF< I .GT.NCURVE)GQ  TO  100 
IF  <NSINK<I) .EQ. 1 )CALL  MESSAG( ' 

>  EQ . 2 ) CALL  MESSAG (  ' 

«  EQ . 3 ) CALL  MESSAG (  ' 

. EQ . 4 ) CALL  MESSAG (  ' 

.EQ. 3)CALL  MESSAG  <  ' 

. EQ . 6 ) CALL  MESSAG (  ' 

. EQ . 7 ) CALL  MESSAG ( ' 


I F  <  NS  I NK  < I  ) 

I F ( NS  I NK  <  I  ) 

I F ( NS  I NK (  I  ) 

I F ( NS I NK (  I  ) 

I F ( NS I NK (  I  ) 

IF ( NS  INK  <  I  ) 

GO  TO  101 
CONTINUE 

CALL  MESSAG ( ' 

CONTINUE 

CALL  MESS AG ( '  COOLANT 
DO  103  I  *  1 >  5  > 1 

IF ( I . GT . NCURVE)GO  TO  102 
IF(NFLUID( I ) .EQ. 1 )CALL  MESSAG < 
>  EQ . 2 ) CALL  MESSAG  < 
•  EQ • 3 ) C ALL  MESSAG ( 


7) 


GAAS ' p 1 2  >  XI ( I ) p  7 . 
GE'>12>XI(I)>7. 
INP' >12>XI(I)>7< 
SI  '  >12pXI<I) >7. 
AL ' > 1 2  >  X I ( I )  >7, 
CU ' > 1 2  >  XI ( I ) >  7 , 
AG' > 1 2  >  X  I ( I ) >  7, 


4  ) 
4  ) 
4) 
4  ) 
4  ) 
4  ) 
4  ) 


NA'  >  1  2  >  XI  (I  )  >  7 . 4  ) 


>  1  1 >0.  >7. 1 ) 


NA' > 12>  XI ( I ) >  7. 1 > 


•  1 1 >  0 .  >6.8) 


I F  <  NFLU I D  < I ) 

I F ( NFLU I D ( I ) 

GO  TO  103 
CONTINUE 

CALL  MESSAG (  ' 

CONTINUE 

CALL  MESSAG (  '  TFLUI N  J 
DO  103  I  =*  1  »  3  *  1 

IF ( I .GT . NCUR VE ) GO  TO  104 

CALL  RE ALNG ( TFLU I N ( I ) > 1 03 > X  I ( I ) > 6 . 8 ) 

CALL  MESSAG (  '  DEG.  K  '  > 7 >  ' ABUT '  >  ' ABUT '  ) 

GO  TO  103 
CONTINUE 

CALL  MESS AG  <  '  N A '  , 1 2 • X I ( I ) > 6 . 8  ) 


FC-77 ' p12pXI(I)p7.1) 
FREON'  p 12t XX ( X  >  p  7. 1 ) 
WATER' p!2pXX(X)>7.1) 
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C 105  CONTINUE 

C  CALL  MESSAGE  0!  '>UrO.>6.5) 

C  DO  107  I » 1  f  5  f  1 

C  IF(I .GT.NCURVE1G0  TO  106 

C  CALL  REALNO< Q< I > f 104 f XI < I > f6 .5 > 

C  CALL  MESSAG< 'U/CM*2' f6f 'ABUT' f 'ABUT' > 

C  GO  TO  107 

C 1 06  CONTINUE 

C  CALL  MESSAGE  NA  '  f  1 2  f  X I  <  I  )  f  6 . 5  ) 

C 1 07  CONTINUE 

C  CALL  NESSAO  < '  UCSTAR:  'f11f0.f6.2> 

C  DO  10?  I » 1 f  5  f  1 

C  IF ( I .GT . NCURVE  >  GO  TO  108 

C  CALL  REALNO( UCSTAR( I ) f 103fXI < I ) f6 . 2) 

C  CALL  NESSAO( 'MICRONS' f7f 'ABUT' f 'ABUT' ) 

C  GO  TO  10? 

C 1 08  CONTINUE 

C  CALL  MESSAG ( '  NA ' f 1 2 f XI < I > f 6 . 2 > 

CIO?  CONTINUE 

C  CALL  MESSAG  <  '  UCENDI  'fUf0.f5.?> 

C  DO  111  1-1 f5f  1 

C  IF ( I .OT .NCURVE1G0  TO  110 

C  CALL  REALNO(UCEND( I > f 103fXI ( I ) f5.?> 

C  CALL  MESSAO< 'MICRONS' f7f 'ABUT' f 'ABUT' ) 

C  00  TO  111 

C110  CONTINUE 

C  CALL  MESSAG ( '  NA ' f 1 2 f X I < I ) f 5 . ? ) 

C1U  CONTINUE 

C  CALL  MESSAG  (  '  UCINCR!  'fUf0.f5.6> 

C  DO  113  I»1  f5f  1 

C  IF <  I  .  GT .NCURVE >G0  TO  112 

C  CALL  REALNO(UCINCR( I ) f 103fXI ( I ) f5. 6 ) 

C  CALL  MESSAG( 'MICRONS' f7f 'ABUT' f 'ABUT' ) 

C  00  TO  113 

C 1 1  2  CONTINUE 

C  CALL  MESSAG ( '  NA ' f 1 2 f XI < I ) f 5 . 6 ) 

C 1 1 3  CONTINUE 

C  CALL  MESSAG ( '  UUBYUCJ  'f11f0.f5.3> 

C  DO  115  I > 1 f  5  f  1 

C  IF( I .GT . NCURVE )G0  TO  114 

C  CALL  MESSAG  < '  '  f 6 f X  I < I ) f 5 . 3 ) 

C  CALL  REALNO<UI<BYUC<  I  )  f  104f  'ABUT'  f  'ABUT'  ) 

C  GO  TO  115 

C 1 1 4  CONTINUE 

C  CALL  MESSAG  < '  NA ' f 1 2 f X  I < I)  f 5 . 3  ) 

C 1 1 5  CONTINUE 

C  CALL  MESSAG  <  '  B!  'f11f0.f5.0> 

C  DO  117  I»1  f5f  1 

C  IF  <  I  .GT .NCURVE1G0  TO  116 

C  BB»B  < I ) *1 . E  +  6 

C  IF< IZ<  I  )  .EQ. 1 ) CALL  REALNO<BBf 1 03  f  X  I < I ) .5.0) 

C  IF<  12 <  I  >  .  EQ. 1  )CALL  MESSAG <' M I  CRONS ' f 7 f ' ABUT '.' ABUT '  ) 

C  IF< 12 < I > . NE . 1 >CALL  MESSAG  < '  NA ' f  1  2 f X I < I  )  f 5 . 0 ) 

C  GO  TO  117 

C 1 1 6  CONTINUE 

C  CALL  MESSAG  < '  NA ' f 1 2 f X I < I ) f 5 . 0 ) 

C 1 1 7  CONTINUE 

C  CALL  MESSAG  < '  ASPECT!  'f11f0.f4.7> 

C  DO  11?  I » 1 f  5  f  1 

C  IF < I . GT . NCURVE ) GO  TO  118 
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C  CAl^L  HE SS AO  (  '  '  ,  5  p  X  I  <  I  >  p  4 . 7  > 

C  IF ( 12 ( I ) *  EQ • 2 ) C ALL  RE ALNO <  ASPECT < I ) p 105  r ' ABUT  # r ' ABUT # ) 

C  IF ( I Z  < I )  .HE . 2>CALL  MESSAG ( '  NA ' p 1 2 1 X I ( I ) » 4 . 7 ) 

C  GO  TO  119 

C 1 1 8  CONTINUE 

C  CALL  MESSAG ( '  NA7p12pXI(I)p4.7) 

C  1 19  CONTINUE 

C  CALL  MESSAGE  LJ  'pUp0.p4.4> 

C  DO  121  I * l f  5  f  1 

C  I F  < I .GT.NCURVE)GO  TO  120 

C  CALL  MESSAG ( '  ' p 4 p XI < I ) r 4 . 4 ) 

C  CALL  REALNO(L< I) p  1  04  p 'ABUT' p 'ABUT'  ) 

C  CALL  MESSAG ( 7  M  7 p  2  p 'ABUT' p  'ABUT' ) 

C  GO  TO  121 

C 1 20  CONTINUE 

C  CALL  MESSAG ( '  NA' p 12 » XX C X > p 4  •  4 > 

C 1 2 1  CONTINUE 

C  CALL  MESSAG  (  '  T:  7p11p0.p4.1> 

C  DO  123  Z" 1 p  5  p 1 

C  I F  < I ♦  GT  *NCURVE)GO  TO  122 

C  TT"T ( I ) / 1 . E-6 

C  CALL  REALN0(TTp103pXI(I)p4.1) 

C  CALL  MESSAG ( 'MICRONS' p  7  p 7  ABUT  7 t 'ABUT'  ) 

C  GO  TO  123 

C 122  CONTINUE 

C  CALL  MESSAG ( '  NA' » 12 t XX ( X ) » 4 • 1 ) 

C 1 23  CONTINUE 

C  CALL  MESSAG  (  '  IKLOSS:  7pUp0.p3.8> 

C  DO  125  I *1 p  5  p 1 

C  IF ( I .  GT . NCURVE )G0  TO  124 

C  IF  ( I KLOSS  (  I )  ♦  EQ  r  0  )  CALL  MESSAG  (  7KC«KE=K90“0.  '  p  12  p  X  I  ( I  )  p  3 . 8  ) 

C  IF ( I KLOSS ( I ) .NE.O)CALL  MESSAG ( '  KC-KE*K90«? ' p 1 2 p X I ( I ) » 3 . 8 ) 

C  GO  TO  125 

C 1 24  CONTINUE 

C  CALL  MESSAG ( '  N A ' p 1 2 p XI < I ) p 3 . 8 ) 

C 1 25  CONTINUE 

C  CALL  MESSAG  <  7  DELPJ  'pUp0.p3.5> 

C  DO  127  I ■ 1 p 5 p 1 

C  IF ( I •  GT .NCURVE)GO  TO  126 

C  I F ( ICONS ( I ) .  NE  . 1 ) C ALL  MESSAG ( 7  NA'p12pXI(I)p3*5) 

C  IF(ICONSd)  .EQ.DCALL  MESSAG  C  7  7  p  3  p  X I  <  I  >  p  3 . 5  ) 

C  IF( ICONS ( I ) .EQ. 1 )CALL  RE ALNO ( DELP ( I )  » 103  r  ' ABUT '  r  7  ABUT  7  ) 

C  IF(ICONSCI). EQ.DCALL  MESSAG  (  7  PS  I  7  p  4  p  7  ABUT  7  p  7  ABUT  7  ) 

C  GO  TO  127 

C  1  26  CONTINUE 

C  CALL  MESSAG ( 7  NA 7  p 1 2 p X  I ( I ) i 3 . 5 ) 

C 1 27  CONTINUE 

C  CALL  MESSAG  (  7  VOLUME  \  7pUp0.p3.2) 

C  DO  129  I  *  1 »  5  p  1 

C  IF( I .GT .NCURVE)GO  TO  128 

C  IF ( I CON  S ( I )  .NE  .2)CALL  MESSAG ( 7  N A  7  p  1  2 » X  I  (  I  )  .  3 . 2 ) 

C  IF ( ICONS ( I  )  . EQ . 2 )C ALL  RE ALNO ( VOLUME ( I)p106pXI(I)p3.2) 

C  IF ( ICONS ( I ) .EQ. 2) CALL  MESSAG ( 7CC/S7  r  4  p  7  ABUT  7  p  7  ABUT7  ) 

C  GO  TO  129 

C 1 28  CONTINUE 

C  CALL  ME  SS AG ( 7  N A  7  p 1 2 p X  I ( I ) p 3 . 2  ) 

C 1 29  CONTINUE 

C  CALL  MESSAG ( 7  POWER:  7p11p0.p2.9) 

C  DO  131  1  =  1 p5p  1 

C  IF< I . GT , NCURVE >G0  TO  130 
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C  IF < ICONS < I) . NE . 3 ) CALL  MESS AG ( '  NA ' . 1 2 * XI ( I ) . 2 . 9 ) 

C  IF(IC0NS(I>.EQ.3>CALL  RE AL NO < POWER (I)*105*XI(I>*2.9) 

C  IF( ICONS( I ) .EQ.3)CALL  MESSAG ( ' U/CM2 ' * 3 . ' ABUT  '  .  '  ABUT  '  ) 

C  GO  TO  131 

C 1 30  CONTINUE 

C  CALL  MESSAG ( '  NA ' • 1 2  *  XI < I > » 2 .9 > 

C 1 3 1  CONTINUE 

C  CALL  MESSAG (  '  EBYDE !  '*11*0. .2.6) 

C  DO  133  1=1.5. 1 

C  IF ( I . GT . NCURVE ) GO  TO  132 

C  IF ( I  CASE ( I) .NE.3)CALL  MESSAG  < '  NA  '  .  1  2  >  X I  <  I  )  .  2 . 6  > 

C  IF ( ICASE ( I  )  .EQ. 3)CALL  MESS AG (  '  '  .  4  ,  X  I  <  I  >  .  2 . 6  ) 

C  I F  < ICASE<  I  )  .EQ.3)CALL  REALNO! EBYDE ( I >* 106 *' ABUT ' * ' ABUT ' > 

C  GO  TO  133 

C 1 32  CONTINUE 

C  CALL  MESSAG ( '  NA ' ,  1  2 . X I <  I  > . 2 . 6 > 

C 1 33  CONTINUE 

C  CALL  MESSAG  (  '  PBYE!  '*11*0. *2. 3) 

C  DO  133  1  =  1*5. 1 

C  IF ( I . GT . NCURVE ) GO  TO  134 

C  IF< ICASE!  I  )  .NE.3JCALL  MESS AG ( '  N A  '  *  1 2  *  X  I < I ) . 2 . 3 ) 

C  IF ( ICASE( I ) .EQ.3)CALL  MESSAG  < '  '  .  4  *  X I  ( I  >  .  2 . 3  > 

C  IF ( ICASE( I ) .EQ . 3)CALL  REALNO < PBYE < I ) . 1 06 . ' ABUT ' . ' ABUT ' ) 

C  GO  TO  135 

C  1  34  CONTINUE 

C  CALL  MESSAG ( '  NA ' . 1 2  *  X I ( I ) . 2 . 3 ) 

C 1 35  CONTINUE 

C  CALL  MESSAG (  '  PHI!  '*11*0. *2.) 

C  DO  137  1  =  1*5. 1 

C  I F  < I .GT.NCURVE)GO  TO  136 

C  IF ( I  CASE  < I )  .NE.3)CALL  MESSAG ( '  NA '  .  1 2 . X  I ( I ) . 2 . > 

C  IF ( I  CASE ( I ) . EQ . 3 ) C ALL  MESSAG ( '  ' . 4 , X I < I  )  . 2 .  ) 

C  IF ( ICASE(  I  )  .EQ . 3)CALL  RE ALNO < PH  I < I )  . 1 06 .  ' ABUT  '  .  ' ABUT '  ) 

C  GO  TO  137 

C  1  36  CONTINUE 

C  CALL  MESSAG ( '  NA ' . 1 2 . X I < I ) . 2 .  ) 

C 1 37  CONTINUE 

C  CALL  MESSAG ( '  ZI !  11*0.  *1.7) 

Z  DO  139  1  =  1*5. 1 

C  IF ( I . GT . NCURVE ) GO  TO  138 

C  IF (  ICASE (  I  )  .  NE  .3)CALL  MESS AG  < '  N A  '  . 1 2  .  X  I (  I  )  ,  1 . 7 ) 

C  IF ( ICASE ( I ) .EQ. 3 )CALL  MESSAG ( '  ' *  4  *  XI < I ) « 1 . 7 ) 

C  IF ( ICASE  <  I)  .EQ.3)CALL  REALNO ( Z I ( I ) . 106 .  ' ABUT  ,  ABUT') 

C  GO  TO  139 

138  CONTINUE 

C  CALL  MESSAG  <  '  NA '  . 1 2 . XI < I )  . 1 . 7 ) 

139  CONTINUE 

C  CALL  RESET  <  'HEIGHT' ) 

C  CALL  ENDPL(O) 

t  RETURN 

C  END 

CC  END  OF  FILE  FOR  SUBROUTINE  PINPUT 


c  rtotal:  uritten  by  richard  j.  Phillips,  rtotal  finalizes  the 

INITIALIZATION  OF  THE  COMPUTATIONAL  INPUTS.  CALLS 
SUBROUTINE  RESIST  (WHICH  COMPUTES  THE  THERMAL  RESISTANCE). 
C  URITES  OUT  THE  COMPUTATIONAL  RESULTS.  AND  STORES  THE 

C  VALID  RESULTS  INTO  ARRAYS  UHICH  CAN  BE  PLOTTED. 

r  ^  _ _ _ _  _  ^  ^ 

'  NAME  DESCRIPTION  UNITS 
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onnnonnonnnno 


C  ACBYAF  . . . 
C 

C  ASPECT  . . . 
C  ASP  I N V  .  . . 
C  & 

C  CPFF 

C  CPFLUL  . . . 
C  CPFLUX  . . . 
C  D  E  •  •  * 

C  DEO 
C  DELP 
C  DELPO 
C  DLE 
C  DLEO 

C  DTPUML  .  .  . 

C 

C  DTPUMX  .  .  . 
C  EBYDE  .  .  . 
C  EFFX 
C  FAPP 

C  F  I  NCR  I  .  .  . 
C  FLUID  . . . 
C  ICASE 
C  ICONS  .  .  . 
C  I F LOU  .  .  . 
C  IINUM  ... 
C  I K L OSS  .  .  . 
C  I  M  I N  » I  MAX . 
C  INUM 
C  I PO I  NT  ... 
C  IRETUR  ... 
C  IUC 
C  IX 
C  IXX 

Cl  z 

C  KC 
C  KE 
C  K90 

C  KFF 
C  KF INL 
C 

C  KF I  NX 
C 

C  KFLUL 
C 

C  KFLUX  . . . 

KT&L 

KTBX 

KUU 
L 

LAST 
L  PL  US 
MUFF 

MUFILA  . . . 


C  MUFIXA 


RATIO  OF  FREE-FLOU  TO  FRONTAL  CROSS-SECTIONAL 
AREAS 

CHANNEL  ASPECT  RATIO 

INVERSE  OF  THE  CHANNEL  ASPECT  RATIO 

FIN  HEIGHT 

COOLANT  SPECIFIC  HEAT  DATA 

COOLANT  SPECIFIC  HEAT  AT  CHANNEL  EXIT 

COOLANT  SPECIFIC  HEAT  AT  POSITION  X 

HYDRAULIC  DIAMETER 

HYDRAULIC  DIAMETER 

PRESSURE  DROP 

PRESSURE  DROP 

LAMINAR  EQUIVALENT  DIAMETER 
LAMINAR  EQUIVALENT  DIAMETER 

VISCOUS  HEATING  TEMPERATURE  RISE  AT  CHANNEL 
EXIT 


(-) 

<-) 

(-) 

(M  ) 

(J/KG  DEG  K) 
(J/KG  DEG  K) 
(J/KG  DEG  K) 
(M) 

(MICRONS) 

(N/M*2> 

(PSI) 

(M) 

(MICRONS ) 
(DEG  K) 


VISCOUS  HEATING  TEMPERATURE  RISE  AT  POSITION 
RATIO  OF  RIB  HEIGHT  TO  HYDRAULIC  DIAMETER 
FIN  EFFICIENCY  AT  CHANNEL  POSITION  X 
APPARANT  FRICTION  FACTOR 
FIN  CRITERION 

ALPHANUMERIC  FOR  COOLANT  TYPE 
CASE  SELECTION  CONTROL  VARIABLE 
COOLANT  FLOW  CONSTRAINT 
FLOW  REGIME  INDICATOR 

ARRAY  OF  INUM  VALUES  FOR  PLOTTING  CONTROL 
CONTROL  FOR  INCLUDING  K?Or  KC  AND  KE 
DUMMY  LOOP  BEGIN/END  VARIABLES 
NUMBER  OF  DATA  POINTS  IN  PLOTTING  ARRAY  DATA 
PLOTTING  CONTROL  VARIABLE  FOR  XSTAR 
CONTROL  VARIABLE  FOR  OUT  OF  RANGE  PROP.  DATA 
LOOP  INDICATOR  FOR  CHANNEL  UIDTH 
CONTROL  VARIABLE  FOR  IF  X  OR  WC  IS  VARIED 
LOOP  INDICATOR  FOR  CHANNEL  POSITION  X 
CONTROL  VARIABLE  FOR  FIN  HEIGHT  CONSTRAINT 
ENTRANCE  PRESSURE  LOSS  COEFFICIENT 
EXIT  PRESSURE  LOSS  COEFFICIENT 
NINETY  DEGREE  BEND  PRESSURE  LOSS  COEFFICIENT 
COOLANT  THERMAL  CONDUCTIVITY  DATA 
AVERAGE  FIN  THERMAL  CONDUCTIVITY  AT 
CHANNEL  EXIT 

AVERAGE  FIN  THERMAL  CONDUCTIVITY  AT 
POSITION  X 

COOLANT  THERMAL  CONDUCTIVITY  AT 


X ( DEG  K) 

<-> 

(-) 

<-> 

<-> 

(-) 

(-) 

(-  ) 

(-) 

(-  ) 

(  -') 

(-) 

<-> 

(-) 

(-) 

(-) 

(  -  ) 

(-) 

(  -  ) 

(-  ) 

<-> 

(  -> 

(U/M  DEG  K  > 
(U/M  DEG  K) 
(U/M  DEG  K) 


CHANNEL  EXIT 

COOLANT  THERMAL  CONDUCTIVITY  AT 


(U/M  DEG  K) 


POSITION  X 

AVERAGE  SUBSTRATE  THERMAL 
AT  CHANNEL  EXIT 
AVERAGE  SUBSTRATE  THERMAL 
AT  POSITION  X 

SUBSTRATE  THERMAL  CONDUCTI 
CHANNEL  LENGTH 
PREVIOUS  RESULTS  FOR  PRINT 
HYDRODYNAMIC  ENTRY  LENGTH 
COOLANT  DYNAMIC  VISCOSITY 
AVERAGE  COOLANT  DYNAMIC  VI 
AVERAGE  FIN  TEMPERATURE 
CHANNEL  ENTRANCE  AND  EXI 
AVERAGE  COOLANT  DYNAMIC  VI 


CONDUCTIVITY 
CONDUCTIVITY 
VITY  DATA 
OUT  TO  SCREEN 
DATA 


3C0SITY 

AT 

THE 

BETUEEN 

THE 

T 

SCOSITY 

AT 

THE 

(U/M 

DEG 

K) 

(U/M 

DEG 

K  ) 

(U/M 

DEG 

K  ) 

(U/M 

DEG 

K  ) 

(M) 

(DEG  K 

/ (U/CM2 ) 

(-) 

(KG/M 

S  ) 

(KG/M 

S  ) 

)  ) 


i 
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oooon  <->0000000000000000000000000000000000000000000  ooooooooo 


C 

C 

MUFLLA 


HUFLUL 

MUFLUX 

MUFLXA 


NCURVE 

NUX 

NUTX 

NFLUID 

NPROPF 

NPROPW 

NS  INK 

PBYE 

PHI 

POUERO 

PPOUER 

PRFF 

PRFLUL 

PRFLUX 

Q 

QO 

RBF  0 
RBFX 

RCO 

RCX 

REX 

RESTAX 
RFFO 
RFF  X 

RHOFF 
RHOFLL 
RHOFLX 
RT  BO 
RTBX 


R  TO  TO 
RTOTX 
SINK 
T 

TO 

TBX 

TFINL 

TFINX 

TFILAV 

TFIXAV 

TFLLAV 

TFLUIN 

TFLUL 


AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  POSITION  X 
AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  EXIT 
COOLANT  DYNAMIC  VISCOSITY  AT  CHANNEL  EXIT 
COOLANT  DYNAMIC  VISCOSITY  AT  POSITION  X 
AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETUEEN  THE 
CHANNEL  ENTRANCE  AND  POSITION  X 
CONTROL  VARIBLE  FOR  STORAGE  OF  PLOTTING  DATA 
NUSSELT  NUMBER  AT  CHANNEL  POSITION  X 
NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  INCUDING 
EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE 
COOLANT  IDENTIFIER  NUMBER 
NUMBER  OF  COOLANT  DATA  ENTRIES 
NUMBER  OF  SUBSTRATE  DATA  ENTRIES 
SUBSTRATE  MATERIAL  INDENT  I F IER  NUMBER 
RATIO  OF  RIB  SEPARATION  TO  RIB  HEIGHT 
REPEATED-RIB  FLOW  ATTACK  ANGLE 

PUMPING  POWER  PER  UNIT  CIRCUIT  SURFACE  AREA 

PUMPING  POWER  PER  UNIT  CIRCUIT  SURFACE  AREA 

COOLANT  PRANDTL  NUMBER  DATA 

NUMBER  AT  CHANNEL  EXIT 
NUMBER  AT  POSITION  X 
FROM  THE  SURFACE 
FROM  THE  SURFACE 


BASE  TO  COOLANT 
POSITION  X 


THERMAL 


COOLANT  PRANDTL 
COOLANT  PRANDTL 
INPUT  HEAT  FLUX 
INPUT  HEAT  FLUX 
SAME  AS  RBFX 
FIN  AND  CHANNEL 
RESISTANCE  AT 
SAME  AS  RCX 

CONTRACTION  THERMAL  RESISTANCE  AT  POSITION 
REYNOLDS  NUMBER  AT  POSITION  X 
MODIFIED  REYNOLDS  NUMBER  AT  POSITION  X 
SAME  AS  RFFX 

COOLANT  BULK  TEMPERATURE  RISE  THERMAL 
RESISTANCE  AT  POSITION  X 
COOLANT  DENSITY  DATA 
COOLANT  DENSITY  AT  CHANNEL  EXIT 
COOLANT  DENSITY  AT  POSITION  X 
SAME  AS  RTBX 


(KG/M 

S) 

(KG/M 

S) 

(KG/M 

S) 

(KG/M 

S) 

(KG/M 

S) 

(  -) 

(-  ) 

(  -  ) 

(-  ) 

(  -  ) 

(  -  ) 

<-) 

<*-> 

( DEGREES) 

(  W/CM 

*2) 

(  W/CM 

*2) 

(-) 

(  _  'S 

(  -) 

(  U/M* 

2) 

(U/CM*2) 

(DEG  K/(2/CM*2) 

(DEG  K/(W/M*2> ) 
(DEG  K/(W/CM*2>> 
X ( DEG  K/(W/M*2) ) 
(  -) 

(  -  ) 

(DEG  K/(2/CM*2) 

(DEG  K/(U/M*2) ) 
( KG/M*  3 ) 

( KG/M*3 ) 

( KG/M*3 ) 

(DEG  K / ( 2/CM *2 )  ) 


CIRCUIT  SIDE  OF  THE  SUBSTRATE  TO  THE  FIN 
AND  CHANNEL  BASE  THERMAL  RESISTANCE 
AT  POSITION  X 

TOTAL  THERMAL  RESISTANCE  AT  POSITION  X 
TOTAL  THERMAL  RESISTANCE  AT  POSITION  X 
ALPHANUMERIC  FOR  SUBSTRATE  TYPE 
SUBSTRATE  THICKNESS 
SUBSTRATE  THICKNESS 

FIN  BASE  TEMPERATURE  AT  POSITION  X 
AVERAGE  FIN  TEMPERATURE  AT  CHANNEL  EXIT 
AVERAGE  FIN  TEMPERATURE  AT  POSITION  X 
AVERAGE  FIN  TEMPERATURE  MIDWAY  BETWEEN 
THE  CHANNEL  ENTRANCE  AND  CHANNEL  EXIT 
AVERAGE  FIN  TEMPERATURE  MIDWAY  BETWEEN 
THE  CHANNEL  ENTRANCE  AND  POSITION  X 
AVERAGE  COOLANT  TEMPERATURE  MIDWAY  BETUEEN 
THE  CHANNEL  ENTRANCE  AND  CHANNEL  EXIT 
COOLANT  INLET  TEMPERATURE 
COOLANT  MIXED  MF  AN  TEMPERATURE  AT 


(DEG  K/(U/M*2> ) 
(DEG  K/(U/CM*2> ) 
(DEG  K/(U/M*2> ) 


(  -  ) 

(M) 

(MICRONS) 

(DEG 

K  ) 

(DEG 

K  ) 

(DEG 

K  ) 

(DEG 

K  ) 

(DEG 

K  ) 

(DEG 

K  ) 

(  DEG 

K  ) 
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OOOOOOOO 


TFLUO 
fFLUX 

TFLXAV 

T  MAX 
TOTK 
C  TPROPF 
C  TPROPW 
C  TRANS 
C  TTBL 
C 

C  TTBX 
C 

C  TTIPX 
C  TTX 
C 

C  VOLUME 
C 

C  VOLUMO 
C 

C  V1CX 
C  UC 
C  UCO 
C  UCEND 
C  WC I NCR 
C  UC  ST  AR 
C  UU 

C  UUBYUC 
C  UUO 

C  X 
C  XI 
C  XX 
C  XSTAR 
C  XSTARX 
C  Y  1 A 
C  Y1B 
C  Y1C 
C  Y  2 
C  Y  3 
C  Z 
C  ZO 
C  ZI 

c - 


CHANNEL  EXIT 

OUTLET  COOLANT  TEMPERATURE 
COOLANT  MIXED  MEAN  TEMPERATURE  AT 
POSITION  X 

AVERAGE  COOLANT  TEMPERATURE  MIDWAY  BETWEEN 
THE  CHANNEL  ENTRANCE  AND  POSITION  X 
MAXIMUM  SURFACE  TEMPERATURE 
TOTAL  PRESSURE  LOSS  COEFFICIENT 
TEMPERATURES  FOR  FLUID  PROPERTY  DATA 
TEMPERATURES  FOR  SUBSTRATE  PROPERTY  DATA 
TRANSITION  REYNOLDS  NUMBER 
AVERAGE  SUBSTRATE  TEMPERATURE  AT 
CHANNEL  EXIT 

AVERAGE  SUBSTRATE  TEMPERATURE  AT 
POSITION  X 

FIN  TIP  TEMPERATURE  AT  POSITION  X 
TOP  SURFACE  (CIRCUIT  SIDE)  TEMPERATURE 

AT  POSITION  X 

COOLANT  FLOW  RATE  PER  UNIT 
CIRCUIT  SURFACE  AREA 
COOLANT  FLOW  RATE  PER  UNIT 
CIRCUIT  SURFACE  AREA 
COOLANT  FLOW  VELOCITY  AT  POSITION  X 
WIDTH 
WIDTH 

CHANNEL  WIDTH  CONTROL  VARIABLE 
WIDTH  INCREMENT  CONTROL  VARIABLE 
CHANNEL  WIDTH  CONTROL  VARIABLE 


(  DEG 

K  ) 

(DEG 

K  ) 

(DEG 

K  ) 

(DEG 

K  ) 

(DEG 

K) 

(-) 

(DEG 

K) 

(DEG 

K) 

(-) 

(DEG 

K  > 

(DEG 

K  > 

(DEG 

K  ) 

(DEG 

K  ) 

( (M*3/S)/CM*2) 


CHANNEL 
CHANNEL 
MAXIMUM 
CHANNEL 
MINIMUM 
FIN  WIDTH 
RATIO  OF  FIN 
FIN  WIDTH 
POSITION  FROM 
CHANNEL  WIDTH 
POSITION  FROM 
THERMAL  ENTRY 
THERMAL  ENTRY 
RTOTO  PLOTTING 


WIDTH  TO  THE  CHANNEL  WIDTH 

CHANNEL  ENTRANCE 
PLOTTING  DATA 

CHANNEL  ENTRANCE  PLOTTING  DATA 
LENGTH 

LENGTH  PLOTTING  DATA 
DATA 


RBFO  PLOTTING  DATA 
RFFO  PLOTTING  DATA 
POUERO  PLOTTING  DATA 
IPLOINT  PLOTTING  DATA 
FIN  HEIGHT 
FIN  HEIGHT 

REPEATED-RIB  SHAPE  ANGLE 


( ( CM*3/S ) /C  M*2 ) 
( M/S  > 

(M) 

(MICRONS  > 

(-> 

(-> 

(-> 

(M) 

(  -  ) 

(MICRONS ) 

( M  > 

(MICRONS) 

(M) 

(-) 

(-) 

(DEG  K / ( W/CM * 2 )  ) 
(DEG  K/(W/CM*2> ) 
(DEG  K/(U/CM*2) ) 
(W/CM*2) 

(  -  ) 

(M) 

(MICRONS) 

(DEGREES) 


C 


INI 


SUBROUTINE  RT OT AL ( NCURVE . NS  I NK » NFLUI D . T FLUI N » Q » I  CASE  » 

WCSTAR , WCEND  . WC I NCR  .  WWBYUC >B> IZ  r IX » 

ASPECT  fL.T  . IKLOSS  ? ICONS .  DEL P  . VOLUME .  P POWER » 
EBYDE.PBYE.PHIfZIfX1fY1A.Y1B.Y1C.Y2>Y3. IINUMf 
XX.XSTARX) 

IALIZE  ARRAYS 

DIMENSION  WC(*00) .RT0TX(400) , 


TPROPF (20) r CPF F ( 20 ) »KFF(20) .MUFF (20)  .PRFF(20) .RH0FF(20>  » 
TPROPW ( 20 )  »  KUU ( 20 )  . 

TTX(2).TBX(2) . TT IPX ( 2 ) > TFLUO ( 2  )  f 

XI (5.2. 100) »Y1A(5»2» 100) »Y2(5»2. 100) f  Y3 ( 5 . 2 . 100)  » 
IINUM(3»  2) . Y1B( 5»  2. 100) . Y1C ( 5»  2  » 100) . XX(3»  2» 100) . 
XSTARX(5f2f100) . LAST ( 6 ) 

CHARACTER**  FLUID(3) fSINK(4) 

INTEGER  WCSTAR. UCEND. WCINCR 


1 
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REAL  KC.KE.K90.L.LPLUS.NUX.NUTX.KFF  .KUU.MUFF » 
l  KFINL.KFINX.KFLUL. KFLUX . KTBL . KTBX » MUF I  LA » MUF I XA » MUFLL A , 

t  MUFLXA.MUFLUL.MUFLUX.LAST 

C  OBTAIN  PROPERTY  DATA  ARRAYS  FOR  THE  COOLANT  AND  THE  SUBSTRATE 
CALL  PROPERtNFLUID.NSINK.FLUID.SINK. 
l  NPROPF.TPROPF.CPFF.KFF.MUFF.PRFF.RHOFF. 

t  NPROPU.TPROPU.KUU) 

C  PRINTOUT  INITIALIZATION  FOR  EACH  NCURVE 
OO-O/IOOOO . 

IIMAX-O 

CALL  PRINTO(FLUID.TFLUIN.SINK.QO.O) 

C 

C  FLOW  REGIME  LOOP  FOR  THE  THREE  CASES 

C 

IF (  ICASE.EQ.2)G0  TO  510 
I F < ICASE.EQ.3)G0  TO  520 

C  ICASE-1  -  FULLY  DEVELOPED  LAMINAR  FLOW  IN  SMOOTH 

C  CHANNELS 

IMIN-1 
I  MAX- 1 
GO  TO  530 
510  CONTINUE 

C  ICASE-2  -  FULLY  DEVELOPED  AND  DEVELOPING.  LAMINAR  AND 

C  TURBULENT  FLOU  IN  SMOOTH  CHANNELS 

IMIN-1 
I  MAX-2 
GO  TO  530 
520  CONTINUE 

C  ICASE-3  -  FULLY  DEVELOPED  TURBULENT  FLOU  IN  REPEATED-RIB 

C  ROUGHENED  CHANNELS 

IMIN-2 
IMAX=2 

530  CONTINUE 

DO  70000  IFLOH-IMIN. IMAX. 1 
C  LABEL  OUTPUT  FILES 

DO  580  11-11.17. 2 

IF( ICASE.EQ. 1 )URITE( II .600) 

I F  < < IFLOU.EQ. 1 ) . AND. < I  CASE. EQ. 2) ) UR I TE < I  I . 60 1 ) 

I F ( ( I FLOU. EQ. 2) . AND. < I  CASE. EG. 2) ) UR  I TE <  1 1 . 6  02 ) 

IF  < I CASE .EQ.3) WRITE (II .603  > 

500  CONTINUE 

600  FORMAT ( '  FULLY  DEVELOPED  LAMINAR  FLOU  IN  SMOOTH  CHANNELS') 

601  FORMAT  < '  FULLY  DEVELOPED/DEVELOPINO  LAMINAR  FLOU  IN  SMOOTH  '. 

t  'CHANNELS') 

602  FORMAT  < '  FULLY  DEVELOPED/DE VELOP I NG  TURBULENT  FLOU  IN  SMOOTH  ' 

t  'CHANNELS') 

603  FORMAT (  '  FULLY  DEVELOPED  TURBULENT  FLOU  IN  REPEATED-', 

t  'RIB  ROUGHENED  CHANNELS') 

C 

C  POSITION  FROM  CHANNEL  ENTRANCE  IMPLIED  DO  LOOP 
C 

INUM=0 

IRETUR-1 

IXX-0 

C 

50  IXX=IXX+1 

IF ( I XX . GT . 1 00  >  GO  TO  2000 
C  COMPUTE  CHANNEL  POSITION 
IF( IX.EQ . 1 > IXX-100 
X=L*0.01*FL0AT<101-TXX> 
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IF  C IX. EQ . 1 >X-L 


C 

C  CHANNEL  WIDTH  LOOP 
C 

DO  1000  IUC-UCSTAR.UCEND.UCINCR 
WC< IUC) -FLOAT* IUC) *01 . E-06 
UU=UUBYUC*UC< IUC) 

C  COMPUTE  ASPECT  RATIO  AND  Z 

IF( IZ.EQ. 1 ) ASPECT -B/UC* IUC) 

IF ( IZ.EO. 1 ) Z-B 

IF<  I Z. EQ.2) Z«UC( IUC)* ASPECT 

ASPINV-1. /ASPECT 

C  THE  NEXT  LINE  ASSUMES  THAT  THE  PLENUM  WIDTH  IS  0.040  INCH 

ACBYAP»<  UC< I UC)*Z)/((UU+UC(IUC))*0. 040*0. 0254) 

C  COMPUTE  HYDRAULIC  DIAMETER 

IF < ASPECT. LE. 0. 1>DE«2.*Z 

IF ( <  ASPECT . GT . 0 . 1 ) .AND. (ASPECT . LT . 10.  )  ) 
l  DE-4.*UC< IUC)*Z/(2.*(UC( IUC)+Z)  ) 

IF ( ASPECT .GE. 10. ) DE-2 . *UC ( I UC ) 

C  IF ( ICASE .EQ • 1 ) DE-2 . *UC< IUC) 

C  IF  DE  IS  TOO  SMALL  DON'T  DO  COMPUTATIONS  BECAUSE  OF  ERRORS 

IF (DE.LT . 5 . E-6 ) GO  TO  55 

C  COMPUTE  LAMINAR  EQUIVALENT  DIAMETER  -  EQN .  2.3 

I F ( IFLOU .NE . 2) DLE-0 . 

IF< ( I  FLOW .EQ.2 ) .AND . ( ASPECT . GE . 1 . ) ) 
l  DLE-DE*( <2./3.)+<ll./24.) *  < ASP INV ) * ( 2 . ASP INV ) ) ) 

I F  <  < I  FLOW. EQ.2). AND. ( ASPECT .LT . 1 . ) ) 
t  DLE«DE*((2./3.)+(ll./24. )*( ASPECT )*( 2 ASPECT ) ) ) 

C  COMPUTE  THERMAL  RESISTANCE 

CALL  RESIST (NCURVE. ICASE. IFLOU, IX. 
t  Q.UC< IUC) . UU. X. L. T. ASPECT. ASPI NV. Z. DE. DLE . ACB YAP. 
t  IKLOSS. I  CONS. DELP. VOLUME. PPOUER. 
t  EBYDE.PBYE.PHI.ZI. 

I  TFLUIN.NPROPF.TPROPF . CPFF . KFF . MUFF . PRFF . RHOFF . 
t  NPROPU.TPROPU.KUW. 

t  IRETUR.TTX.TBX.TTIPX.TFLUO.DTPUML.DTPUMX. 

X  TFINL.TFLUL . TT BL . TF I  NX , TFLUX . TTBX . TFLL AV , TFLX A V . TF I L A V , TF I X A V , 
t  CPFLUL.KFLUL.MUFLUL.PRFLUL.RHOFLL.MUFLLA.MUFILA.KFINL.KTBL. 
t  CPFLUX.KFLUX.MUFLUX.PRFLUX.RHOFLX.MUFLXA.MUFIXA.KFINX.KTBX. 
l  NUX.NUTX.V1CX, K90.KC.KE.FAPP.FI NCR  I , EFFX , 
l  TRANS. REX. RESTAX.XSTAR.LPLUS. 

*  RTBX.RCX.RBFX.RFFX.RTOTX(IUC) ) 

C  COME  TO  THIS  LOCATION  IF  DE  IS  TOO  SMALL 
55  CONTINUE 

C  IF  RE>3000  FOR  LAMINAR  FLOW.  STOP  LAMINAR  FLOW  CALCS. 

C  IF( < ICASE. NE. 1 )  .AND .<( IFLOU. EQ . 1 ) .AND. < REX .GT . 3000 .))  )G0  TO  1009 

C  CHECK  IF  CHIP  SURFACE  TEMPERATURE  (K)  IS  TOO  LARGE  TO  BE  OF  INTEREST 
TMAX«Q*RTOTX< IUC ) + < TFLU I N+DTPUML ) 

C  IFCTMAX.GT .400. )G0  TO  900 

C  MODIFY  UNITS  FOR  PRINTOUT 
UCO*UC( IUC)*1 .E+6 
UU0«UU*1 . E+ 6 
DE0»DE*1 . E  +  6 
DLEOa  DLE* 1 . E  +  6 
Z0-Z*1  .  E  +  6 
TO  =  T* 1 . E  f  6 
DELP0=DELP/6894 . 8 
V0LUM0=*V0LUME*1  .  E  +  6 
POUERO* PPOUER 
RTBO-RTBXtl . E+4 
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RC0=RCX<1  .EM 
RBF0*RBFX*1 .E  +  4 
RFF0«RFFX*1 .EM 
RTOTO«RTOTX<  IUC>*1  .EM 
IF  RESULTS  ARE  TO  BE  PRINTED  OUT 
IF( ( IFLOU.EQ. 1 ) .AND.  ( REX . GT *  TRANS ) >G0 
IF( (  IFLOU.EQ. 2) .AND. ( REX . LT . TRANS ) )G0 
C  WRITE  SOME  GOODIES  TO  THE  SCREEN 
C  T0TK*(ACBYAP**2. ) *2 . *K90  + KC  +  KE 

C  URITE(6t999)NCURVErREX# DELPOfTOTK 

C999  FORMAT ( 7  NCURVE  *  REX  *  '» 

C  l '  PSI  TOTK  =  '  fF4. 1  ) 

C  PRINTOUT  RESULTS 

URITE( 1 1 t 1001 f  ERR  =  1 002 ) 

X  UCOfUUOf XfZOfTOfASPECTfACBYAPfEBYDE  fPBYE  fPHI »ZI  * 

l  DELPOf VOLUMOfPOUEROfRTBOf  RCOfRBFOfRFFOf  RTOTOf DTPUML 

1001  FORMAT ( 2 ( iX,F5.i)flX»F4.3»lXfF6.1#lXfF5.1>lX»F5.2»lX,F3.2»lX, 

X  lX»F5.3flXfF4.1»2<lXfF3.0)»lXtF4.0,lX,F6.2flX,F5.2,lX, 

X  5  ( 1 X  f  F6  «  4 ) »1X#F6.3) 

1002  CONTINUE 


C  CHECK 


(IF  RE 

IS  IN 

GO 

TO 

1008 

GO 

TO 

1008 

F  6  . 

>0t' 

DELP 

PROPER  RANGE) 


1  f 


URITE( 1  3  f 1003»ERR*1004) 

X  HEOfDLEO»V1CXfREX»RESTAXfXSTARfLPLUSfNUXfNUTXfFAPPf 

X  K90fKCf KE  f FI  NCR  I fEFFX 

1003  F0RMAT(2<1XfF5.1)f1X»F5.2»2(1XfF6.0)f2<1XfF6.4>f2(1XfF6.2>f 

X  1XfF6.5f3(1XfF4.2)f1XfF6.2f1XfF6.5) 

1004  CONTINUE 

URITE(15f 1005 f ERR* 1006) 

l  TFINL  fTFLULf  TTBLfTFLLAVfTFILAVf  TFINX  f  TFLUX  f  TTBX  f 

t  TFLXAVfTFIXAVfTTX<2> f  TBX ( 2 ) f  TT I PX ( 2 ) »TFLU0(2) » 

X  DTPUMLfDTPUMX 

1005  FORMAT ( 1 4 ( 1 X » F6 . 1 ) f 2 ( 1 X f F6 . 3 ) ) 

1006  CONTINUE 

UR  I T  E ( 1 7  f 1007* ERR* 1008) 

X  CPFLULfCPFLUXfKFLULfKFLUX  fPRFLUL  fPRFLUXf 

X  RHOFLLt RHOFLXfMUFLUL»MUFLUXfMUFLLA»  MUFLXAf  MUFILA, 

l  MUFIXAfKFINL  fKFINX  fKTBLfKTBX 

100  7  F0RMAT(2( 1 X  f  F6  «  1)  f  2  (  1  X  f  F  6 . 4  ) f2(1XfF6.3) f  2 ( 1 X  f  F6 .  1)  f 
X  6( 1 X  t  F6  »  5 ) f  4  (  1  X  f  F  6 . 2  ) ) 

1008  CONTINUE 

C  CHECK  IF  VALID  DATA  FOR  PLOTTING 
I F (  I  RE  TUR .  EQ  . 1 ) GO  TO  900 
IF(RTOTO.LT . 1 . E -  1 0 ) GO  TO  900 
C  IDENTIFY  POINT  TYPES  FOR  PPLOTT 

I F (  (  IFLOU .EQ .1).AND.(XSTAR.GT.0.1))IP0INT*1 
IF< ( IFLOU.EQ. 2) . AND. ( XSTAR . GT .0*01 ) ) IPOINT-1 
IF( ( IFLOU.EO. 1) .AND. (XSTAR. LE. 0.1 ) )IPQINT=2 
IF ( ( IFLOU.EQ. 2) .AND.(XSTAR.LE.0.01))IP0INT=2 
IF ((  IFLOU.EO. 1 )  .AND. ( XSTAR . LT . 0 . 005 ) ) I POINT  =  3 
IF( (  IFLOU . EQ. 2)  .  AND  .  ( REX . GT . 28000 . ) ) I POINT  =  3 
C  FILL  PLOTTING  ARRAYS 
I NUM= I NUM  +  1 

X  X ( NCURVE f  IFLOU* INUMMX 
XSTARX( NC UR VE f IFLOU f I NUM )= XSTAR 

XI  (NCURVE f  IFLOU f  I NUM) *UCO 
Y1A(NCURVEfIFLOUfINUM)=RTOTO 
Y  IB ( NCURVE ►  IFLOU  f I NUM ) =  RBFO 

Y 1C( NCURVE r IFLOWf INUMMRFFO 
Y2(NCURVEf  IFLOU,  INUMMPOUERO 
Y3( NCURVE f IFLOU*  INUHM  IPO  IN  T 
900  CONTINUE 
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I F (  IXX.EQ. 1 )G0  TO  905 

C  URITE  MAXI  HUH  THERMAL  RESISTANCE  VALUES  TO  THE  SCREEN 

IF ( ( ( IX . EQ . 2 )  . AND • ( RTOTO . LT . LAST ( 6 > ) >  .AND.  (IIMAX.EQ.O) ) 
lURITE<5f 902) (LAST ( I LAST) ! I LAST *1 p6) iREX 

902  FORMAT  (  /  f  '  ...X . RTBX . RCX..  .  .  RBFX .  .  *  . RFFX .  .  .  .  RTOTX  . 

I  , ,  RE X  . . # t / t lX»F7.6f2XfF6*4f3XfF6.4f3XfF6.4f3XfF6«4f3X»F7.4»2X» 
IF6 .  1 ) 

IF<  <  < IX.EQ .2) . AND. ( R TOT 0 . LT . LAST ( 6 ) ) ) . AND . ( 1 1 M AX . EQ . 0 ) > 

II IMAX*1 
905  CONTINUE 

C  FILL  PREVIOUS  VALUE  ARRAY  FOR  PRINTOUT  WHEN  MAXIMUM  REACHED 
L AS  T ( 1 ) =X 
LAST  <  2 ) * RT BO 
LAST  <  3 ) *RCO 
LAST  <  4 ) =RBF0 
L  AS T  <  5 ) *RFFO 
LAST ( 6 ) *  R  TO  T  0 

C  ZERO  COMPUTED  VALUES  SO  THAT  IF  EXECUTION  RETURNS  TO  THIS  RTOTAL 
C  SUBROUTINE!  IT  CAN  BE  MORE  READILY  DETERMINED  WHICH  CRITERION  WAS 
C  NOT  SATISFIED, 

R  T  BX  *0 . 

RCX*0  * 

R BFX  =  0  * 

RFFX *0  * 

R  TOT  X  < IUC)*0. 

D TPUM  X*0  . 

NUX  =  0 . 

NUT  X*0  . 

F I NC R I -0  * 

EFFX*0 . 

V1CX-0. 

REX  =  0 , 

REST  AX *0 . 

LPL  US*  0 . 

XST  AR  *0 . 

F  A  P  P  =  0  . 

1000  CONTINUE 
1009  CONTINUE 

C  CHANNEL  WIDTH  LOOP  TERMINATED 

IF< IX .EQ. 1 >G0  TO  2001 
GO  TO  50 

2000  CONTINUE 

2001  CONTINUE 

C  POSITION  FROM  CHANNEL  ENTRANCE  LOOP  TERMINATED 

I  I NUM ( NCUR VE ! IFLOU)*INUM 
70000  CONTINUE 

C  FLOW  REGIME  LOOP  TERMINATED 

C  PRINTOUT  TERMINATION  FOR  EACH  NCURVE 

CALL  PRINTOCFLUID.TFLUINfSINKfQ! 1 ) 

RETURN 

END 

C  END  OF  FILE  FOR  SUBROUTINE  RTOTAL 

C - 

C  TEMPS:  WRITTEN  BY  RICHARD  J,  PHILLIPS,  TEMPS  COMPUTES  THE 
C  NEW  COOLANT  AND  SUBSTRATE  TEMPERATURES  AT  VARIOUS  LOCATIONS 

.C  SO  THAT  THE  AVERAGE  PROPERTIES  MAY  BE  COMPUTED. 

C - 

C  NAME  DESCRIPTION  UNITS 

C  DTPUML  ...  VISCOUS  HEATING  COOLANT  TEMPERATURE  RISE 
C  UP  TO  CHANNEL  EXIT  (DEG  K) 
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C  DTPUMX  ...  VISCOUS  HEATING  COOLANT  TEMPERATURE  RISE 
C  UP  TO  POSITION  X 

C  EFFL  ...  FIN  EFFICIENCY  AT  CHANNEL  EXIT 
C  EFFX  ...  FIN  EFFICIENCY  AT  POSITION  X 
C  ERR0R1-4..  RELATIVE  ERROR 
C  ICLOSE  ...  ITERATION  CONTROL  VARIABLE 
C  MZL.MZX...  FIN  EFFICIENCY  VARIABLE 
CO  ...  INPUT  HEAT  FLUX  FROh  THE  SURFACE 

C  RBFL  ...  FIN  AND  CHANNEL  BASE  TO  COOLANT  THERMAL 
C  RESISTANCE  AT  CHANNEL  EXIT  <  DEG 

C  RBFX  ...  FIN  AND  CHANNEL  BASE  TO  COOLANT  THERMAL 
C  RESISTANCE  AT  POSITION  X  (DEG 

C  RFFL  ...  COOLANT  BULK  TEMPERATURE  RISE  THERMAL 
C  RESISTANCE  AT  CHANNEL  EXIT  (DEG 

C  RFFX  ...  COOLANT  BULK  TEMPERATURE  RISE  THERMAL 
C  RESISTANCE  AT  POSITION  X  (DEG 

C  RTBL  ...  CIRCUIT  SIDE  OF  THE  SUBSTRATE  TO  THE  FIN 
C  AND  CHANNEL  BASE  THERMAL  RESISTANCE 

C  AT  CHANNEL  EXIT  (DEG 

C  RTBX  ...  CIRCUIT  SIDE  OF  THE  SUBSTRATE  TO  THE  FIN 
C  AND  CHANNEL  BASE  THERMAL  RESISTANCE 

C  AT  POSITION  X  (DEG 

C  RTOTL  ...  TOTAL  THERMAL  RESISTANCE  AT  CHANNEL  EX  I T ( DEG 

C  RTOTX  ...  TOTAL  THERMAL  RESISTANCE  AT  POSITION  X  (DEG 

C  TBL  ...  FIN  BASE  TEMPERATURE  AT  CHANNEL  EXIT 

C  TBX  ...  FIN  BASE  TEMPERATURE  AT  POSITION  X 

C  TFILAV  ...  AVERAGE  FIN  TEMPERATURE  MIDUAY  BETUEEN 

C  THE  CHANNEL  ENTRANCE  AND  CHANNEL  EXIT 

C  TFINL  ...  AVERAGE  FIN  TEMPERATURE  AT  CHANNEL  EXIT 

C  TFINX  ...  AVERAGE  FIN  TEMPERATURE  AT  POSITION  X 

C  TFIXAV  ...  AVERAGE  FIN  TEMPERATURE  MIDUAY  BETUEEN 

C  THE  CHANNEL  ENTRANCE  AND  POSITION  X 

C  TFLLAV  ...  AVERAGE  COOLANT  TEMPERATURE  MIDUAY  BETUEEN 
C  THE  CHANNEL  ENTRANCE  AND  CHANNEL  EXIT 

C  TFLUIN  ...  COOLANT  INLET  TEMPERATURE 
C  TFLUL  ...  COOLANT  MIXED  MEAN  TEMPERATURE  AT 
C  CHANNEL  EXIT 

C  TFLUO  ...  OUTLET  COOLANT  TEMPERATURE 
C  TFLUX  ...  COOLANT  MIXED  MEAN  TEMPERATURE  AT 
C  POSITION  X 

C  TFLXAV  ...  AVERAGE  COOLANT  TEMPERATURE  MIDUAY  BETUEEN 
THE  CHANNEL  ENTRANCE  AND  POSITION  X 
TTBL  . . .  AVERAGE  SUBSTRATE  TEMPERATURE  AT 
CHANNEL  EXIT 

TTBX  ...  AVERAGE  SUBSTRATE  TEMPERATURE  AT 
POSITION  X 

TTL  ...  TOP  SURFACE  (CIRCUIT  SIDE)  TEMPERATURE 

AT  CHANNEL  EXIT 

TTX  ...  TOP  SURFACE  (CIRCUIT  SIDE)  TEMPERATURE 

AT  POSITION  X 

TTIPL  ...  FIN  TIP  TEMPERATURE  AT  CHANNEL  EXIT 
TTIPX  ...  FIN  TIP  TEMPERATURE  AT  POSITION  X 


(DEG  K) 
(-) 

(  -  ) 

( -  ) 

(  -  ) 

(-) 

<U/CM*2) 
K/(U/M*2) ) 
K/(U/M*2) ) 
K/(U/M*2) ) 
K/ ( U/M*2  )  ) 

K/(U/M*2)  ) 


K/ (U/M*2  )  ) 
K/ (U/M*2  )  ) 
K/(U/M*2)  ) 


(DEG 

K  ) 

(  DEG 

K  ) 

(DEG 

K> 

(DEG 

K  ) 

(DEG 

K  ) 

(  DEG 

K  > 

(  DEG 

K  > 

(  DEG 

K  ) 

(  DEG 

K  ) 

(DEG 

K  ) 

(DEG 

K  ) 

(  DEG 

K  ) 

(  DEG 

K  ) 

(DEG 

K) 

(  DEG 

K  ) 

(  DEG 

K  ) 

(DEG 

K  ) 

(DEG 

K  ) 

SUBROUTINE  TEMPS( TTX  ,  TBX  , TTIPX  >  TFLU I N »  TFLUO » 
t  TFLUL  >  TFLUX , TFINL , TFINX , TTBL , TTBX , 

*  TFLLAV»TFLXAV,TFILAV,TFIXAV, 

t  RT BL, RBFL, RFFL.RTOTLfRTBX, RBFX, RFFX, RTOTX. 

I  Q , DTPUML , DTPUMX ,MZL , EFFL ,MZX, EFFX, ICLOSE) 

INITIALIZE  VARIABLE  ARRAYS 

DIMENSION  TTX(2> , TBX(2> , TT I PX ( 2 ) ,TFLUO(2) 
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REAL  MZLjMZX 

C  COMPUTE  NEU  TEMPERATURES 
C  COOLANT  AT  CHANNEL  EXIT 

TFLUL*RFFL<G+< TFLUIN+DTPUML) 

TFLUO ( 2 ) *TFLUL 
TFLLAU*<  TFLUL  +  TFLUlN)/2. 

C  COOLANT  AT  POSITION  X 

TFLUX  =  RFFX*Q+<  TFLUIN  +  DTPUMX ) 

TFLXAU=<  TFLUX  +  TFLUIN>/2. 

C  FIN  AT  CHANNEL  EXIT 

TBL=<RFFL+RBFL)*Q+< TFLUIN+DTPUML) 

IF  <  M ZL . EQ  .  0  . ) RETURN 

T T I  PL3 (  (TBL-TFLUL)/COSH(MZL)  ) +TFLUL 
TF  INL*<  ( TBL-TFLUL )  *EFFL > +TF LUL 
TFILAU* (TFINL+TFLUIN) /2. 

C  FIN  AT  POSITION  X 

T BX ( 2) *<RFFX+RBFX)*Q+< TFLUIN+DTPUMX) 

IF <  MZ X ♦ EG . 0 .  ) RETUR  N 

T  T I PX ( 2 ) * (  <TBX(2)-TFLUX)/C0SH<MZX)  )+TFLUX 
TF I  NX  * (  <TBX<2)-TFLUX)*EFFX>  +TFLUX 
TF I XAU*  <  TFINX+TFLUIN)/2. 

C  CAP  SUBSTRATE  AT  CHANNEL  EXIT 
TTLaRTQTL*Q+( TFLUIN+DTPUML) 

TTBL=<TTL+TBL)/2. 

C  CAP  SUBSTRATE  AT  POSITION  X 

TTX (2) *RTOTX*G+<  TFLUIN  +  DTPUMX ) 

TTBX=(TTX(2)+TBX(2) )/2. 

C  CHECK  TEMPERATURE  ERRORS 

ERROR 1*ABS<  ( TFLUO (  1) -TFLUO (2) )/TFLUO<l)  > 

ERRQR2*ABS<  <TBX( 1 ) -TBX ( 2) )/TBX( 1) ) 

ERR0R3*ABS< ( TT IPX < 1 ) -TT IPX ( 2 ) > /TT IPX < 1 ) ) 

ERR0R4*ABS<  <  TTX  < 1 )-TTX<  2) )/TTX<  1  )  ) 

C  URITE<  6»  *) TFLUO »TBXt TTIPXr TTX 

C  URITE( 6»  t ) ERROR  1 » ERRQR2 t ERR0R3 » ERROR 4 

IF (ERROR1 .GT .O.OOOl )G0  TO  500 
IF (ERR0R2.GT .0*0001)00  TO  500 
IF (ERR0R3.GT  *0.0001  )G0  TO  500 
IF (ERR0R4 ,  GT .0.0001 )GQ  TO  500 
C  CLOSE  ENOUGH 

ICLQSE*=0 
RETURN 

00  CONTINUE 

RESET  TEMPERATURES  AND  TRY  AGAIN 
ICLOSE  *  1 

TFLUO < 1 )«( TFLUO ( 2) + TFLUO < 1 ) )/2. 

TBX< 1)*<TBX(2)+TBX< 1) )  /2  • 

TTIPX( 1 )*(TTIPX<2)+TTIPX<1 ) )/2# 

TTX(  1  )*<TTX(2)+TTX(  1  )  )/2« 

RETURN 

END 

C  END  OF  FILE  FOR  SUBROUTINE  TEMPS 

c - 

c  prop:  written  by  richard  j.  Phillips,  prop  computes  the 

C  LIQUID  COOLANT  AND  SUBSTRATE  MATERIAL  PROPERTIES. 

- - 

DEG  K) 
DEG  K) 
DEG  K) 


c 

NAME 

DESCRIPTION 

UNITS 

c 

CPF  F 

..  COOLANT  SPECIFIC 

HEAT 

DATA 

(  J/KG 

c 

CP  F  LUL  . 

. .  COOLANT  SPECIFIC 

HEAT 

AT 

CHANNEL  EXIT 

(  J/KG 

c 

CPF  LUX  . 

. .  COOLANT  SPECIFIC 

HEAT 

AT 

POSITION  X 

(  J/KG 

c 

FACTOR  . 

..  INTERPOLATION  PARAMETER 

<  -  ) 
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C  IRETUR  .♦ 
C  KFF 
C  KFINL 
C 

C  KFINX 
C 

C  KFLUL  . 

C 

C  KFLUX 
C 

C  KTBL 
C 

C  KTBX 
C 

C  KWW 
C  MUFF 
C  HUFILA  . 

C 

C 

C  MUFIXA  . 

C 

C 

C  MUFLLA  . 

C 

C 

C  MUFLXA  . 

C 

C 

C  HUFLUL  . 
C  MUFLUX  • 

C  NPROP  « 

C  NPROPF  . 

C  NPROPW  . 
C  PRFF 
C  PRFLUL  ♦ 
C  PRFLUX  . 

C  RHOFF 
C  RHOFLL  . 

C  RHOFLX  . 
C  TFILAV  . 

C 

C  TFIXAV  . 

C 

C  TFLLAV  . 

C 

C  TFLXAV  . 

C 

C  TFINX 
C  TFINL 
C  TFLUL  . 
C 

C  T FLUX 
C 

C  TPROPF  . 

C  TPROPU  . 

C  TTBL 

TTBX 

C - 


.  CONTROL  VARIABLE  FOR  OUT  OF  RANGE  BATA 

.  COOLANT  THERMAL  CONDUCTIVITY  DATA 

.  AVERAGE  FIN  THERMAL  CONDUCTIVITY  AT 
CHANNEL  EXIT 

.  AVERAGE  FIN  THERMAL  CONDUCTIVITY  AT 
POSITION  X 

.  COOLANT  THERMAL  CONDUCTIVITY  AT 
CHANNEL  EXIT 

.  COOLANT  THERMAL  CONDUCTIVITY  AT 
POSITION  X 

.  AVERAGE  SUBSTRATE  THERMAL  CONDUCTIVITY 
AT  CHANNEL  EXIT 

.  AVERAGE  SUBSTRATE  THERMAL  CONDUCTIVITY 
AT  POSITION  X 

.  SUBSTRATE  THERMAL  CONDUCTIVITY  DATA 

.  COOLANT  DYNAMIC  VISCOSITY  DATA 
.  .  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  EXIT 
AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  POSITION  X 
,  ♦  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  EXIT 
.  .  AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  POSITION  X 
.  .  COOLANT  DYNAMIC  VISCOSITY  AT  CHANNEL  EXIT 
.  .  COOLANT  DYNAMIC  VISCOSITY  AT  POSITION  X 
.  .  DUMMY  VARIABLE 

.  .  NUMBER  OF  COOLANT  DATA  ENTRIES 
..  NUMBER  OF  SUBSTRATE  MATERIAL  DATA  ENTRIES 
.  ♦  COOLANT  PRANDTL  NUMBER  DATA 
••  COOLANT  PRANDTL  NUMBER  AT  CHANNEL  EXIT 
.  *  COOLANT  PRANDTL  NUMBER  AT  POSITION  X 
.  *  COOLANT  DENSITY  DATA 
.  «  COOLANT  DENSITY  AT  CHANNEL  EXIT 
.  ♦  COOLANT  DENSITY  AT  POSITION  X 
.  ♦  AVERAGE  FIN  TEMPERATURE  MIDWAY  BETWEEN 
THE  CHANNEL  ENTRANCE  AND  CHANNEL  EXIT 
.  .  AVERAGE  FIN  TEMPERATURE  MIDWAY  BETWEEN 
THE  CHANNEL  ENTRANCE  AND  POSITION  X 
.  ♦  AVERAGE  COOLANT  TEMPERATURE  MIDWAY  BETWEEN 
THE  CHANNEL  ENTRANCE  AND  CHANNEL  EXIT 
.  .  AVERAGE  COOLANT  TEMPERATURE  MIDWAY  BETWEEN 
THE  CHANNEL  ENTRANCE  AND  POSITION  X 
.  .  AVERAGE  FIN  TEMPERATURE  AT  POSITION  X 
.  .  AVERAGE  FIN  TEMPERATURE  AT  CHANNEL  EXIT 
.  .  COOLANT  MIXED  MEAN  TEMPERATURE  AT 
CHANNEL  EXIT 

.  .  COOLANT  MIXED  MEAN  TEMPERATURE  AT 
POSITION  X 

.  .  TEMPERATURES  FOR  FLUID  PROPERTY  DATA 
.  .  TEMPERATURES  FOR  SUBSTRATE  PROPERTY  DATA 
AVERAGE  SUBSTRATE  TEMPERATURE  AT 
CHANNEL  EXIT 

. .  AVERAGE  SUBSTRATE  TEMPERATURE  AT 
POSITION  X 


( - ) 

(  W/M 

DEG 

(  W/M 

DEG 

(W/M 

DEG 

(W/M 

DEG 

(W/M 

DEG 

(  W/M 

DEG 

(W/M 

DEG 

(  W/M 

DEG 

(  KG/M 

S) 

(KG/M 

i  S) 

(KG/M 

S  > 

(KG/M 

i  S) 

(KG/M 

1  S) 

(KG/M 

i  S) 

(  KG/M 
(  -> 

S) 

(  * ) 

(  -> 

(  -  ) 

(  -  ) 

<-> 

(KG/M 

1*3) 

(  KG/M 

1*3  ) 

(KG/M 

i  *  3 ) 

(  DEG 

K  ) 

(  DEG 

K  ) 

(  DEG 

K) 

(  DEG 

K  ) 

(  DEG 

K  ) 

(  DEG 

K) 

(DEG 

K  ) 

(  DEG 

K  ) 

(  DEG 

K  ) 

(  DEG 

K  ) 

(  DEG 

K  ) 

(  DEG 

K  ) 
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SUBROUTINE  PRO P ( NPROPF  t TPROPF r CPFF f KFF f MUFF  f PRFF r RHOFF f 
l  NPROPUfTPROPUfKUUf 

l  TFLUXfCPFLUXfKFLUXfHUFLUXfPRFLUXf  RHOFLX f 

l  TFlNXr KFINX  fTTBXfKTBXf 

t  TFLULfCPFLULfKFLUL  fMUFLULfPRFLULfRHOFLL f 

l  TFINLrKFINLf TTBLrKTBLf 

l  TFLLAVfMUFLLAfTFLXAVfMUFLXA  f 

t  TFILAVfMUFILAfTFIXAVfMUFIXAf IRETUR) 

C  INITIALIZE  VARIABLE  ARRAYS 

DIMENSION  TPROPF (20) r CPFF (20) f KFF (20) > MUFF (20) f PRFF (20) f RHOFF (20) f 
t  TPROPW ( 20 ) f  KWU ( 20 ) 

REAL  MUFFfKFFfKWWfKFLUXfMUFLUXfKFINXfKTBXfKFLULfMUFLULfKFINLfKTBLf 
t  MUFLLAfMUFLXAfMUFILAfMUFIXA 

OUT  OF  TEMPERATURE  RANGE  CONTROL 
0  =  WITHIN  RANGE 
1  =  OUT  OF  RANGE 
IRETUR-0 
ctmisstss 

C  CONSTANT  PROPERTY  VALUES  OBTAINED  AT  CHANNEL  POSITION  X 
C ********** 

C  COOLANT 

NPROP-NPROPF-1 
DO  100  I=1fNPR0P 

IF( (TFLUX.GE. TPROPF (I) ) .AND. (TFLUX.LT .TPROPF( I  + 1  ) ) )GQ  TO  150 

100  CONTINUE 

UR  I TE ( 11 f 101 ) 

101  FORMAT ( 9  TFLUX  IS  OUT  OF  RANGE  OF  PROPERTY  DATA  '  ) 

I RETUR-  1 

RETURN 

150  CONTINUE 

FACTOR- (  TFLUX- TPROPF ( I ) )/( TPROPF ( 1  +  1 ) -TPROPF ( I  )  ) 
CPFLUX»FACTOR*(CPFF( 1+1 )-C PFF( I ) ) +  CPFF ( I  ) 

KFLUX-F ACTOR* (KFF( 1  +  1 )-KFF(I> )+KFF(I  ) 

MUFLUX-FACTOR*( MUFF ( I  + 1 ) -MUFF ( I ) ) t MUFF ( I ) 

PRFLUX-FACTOR* (PRFF( 1  +  1 )-PRFF(  I  )  >  +  PRFF(  I  ) 

RHOFLX«FACTOR*( RHOFF ( 1  +  1 ) -RHOFF (  I  )  )  +RHOFF ( I  ) 

C  FIN 

NPROP-NPROPW-1 
DO  200  I-1fNPR0Pf1 

IF( ( TFINX .GE . TPROPW( I )) .AND. (TFINX.LT. TPROPU( 1+1 )) )G0  TO  250 

200  CONTINUE 

WR I TE ( 11 f  20 1 ) 

201  FORMAT  (  '  TFINX  IS  OUT  OF  RANGE  FOR  PROPERTY  DATA  ') 

I RETUR- 1 

RETURN 

250  CONTINUE 

FACT0R«(TFINX-TPR0PU( I ) )/( TPROPU( 1  +  1 )-TPROPW(  I ) ) 

KFINX«FACTOR*(KUU( If  1 ) -KWW( I ) )+KWW(  I  ) 

C  v  C  AP  (SOLID  SUBSTRATE  MATERIAL) 

NPROP-NPROPW-1 
DO  300  I-IfNPROPfI 

IF(  (TTBX .GE .TPR0PW( I )  ) . AND. ( TTBX .LT .TPROPW( 1  +  1  )  )  )G0  TO  350 

300  CONTINUE 

WR I T E ( 11 f  30  1  ) 

301  FORMAT ( 9  TTBX  IS  OUT  OF  RANGE  FOR  PROPERTY  DATA') 

I RETUR- 1 

RETURN 

350  CONTINUE 

FACTOR- ( TTBX-TPROPW( I ) ) / ( TPROPW ( I + 1 ) -TPROPW ( I ) ) 

K TBX -FACTOR * ( KWU ( I f 1 ) -KUU( I ) ) +KUW( I  ) 
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Cxttttttttt 

C  CONSTANT  PROPERTY  VALUES  OBTAINED  AT  THE  CHANNEL  EXIT 

cttmmtt 

C  COOLANT 

NPROP-NPROPF-1 

DO  400  I  - 1  »  NPROP  ^  ^ 

IP  <  <  TPLUL . GE . TPROPF  < I ) ) . AND. (TFLUL.LT .TPROPF  < 1  +  1  >  >  )G0  TO 

400  CONTINUE 

UR  I T  E  < 11 f  40  1  ) 

401  FORMAT  < '  TFLUL  IS  OUT  OF  RANGE  OF  PROPERTY  DATA  ' > 

IRETUR-1 

RETURN 

450  CONTINUE 

FACTOR- <  TFLUL- TPROPF  <  I  )  ) /<  TPROPF ( 1  +  1 ) -TPROPF (  I  )  ) 
CPFLUL-FACTOR**  CPFF  < 1  +  1) -CPFF ( I >  )  +  CPFF  < I  ) 
KFLUL«FACT0R**KFF*I  +  1)-KFF*I>  )+KFF*  I) 

MUFLUL«FACTOR**MUFF< I  +  1 ) -MUFF  < I ) ) +  MUF F ( I > 
PRFLUL«FACTOR**PRFF< I  +  1  )  -  PRFF  < I > ) +  PRFF (  I  > 

RHOFLL-F AC TOR<<RHOFF<  1  +  1  ) -RHOFF  < I ) ) +RHOFF < I ) 


450 


C  FIN 

NPROP-NPROPU-1 
DO  500  I - 1 1  NPROP  t 1 

IF* * TFINL. GE . TPROPU*  I  ))  .AND. *TFINL .LT . TPROPU* 1  +  1 >>  )G0  TO  550 


500  CONTINUE 

UR  I TE  < 11 »501  ) 

501  FORMAT  < '  TFINL  IS  OUT  OF  RANGE  FOR  PROPERTY  DATA  ') 

IRETUR-1 

RETURN 

550  CONTINUE 

FACTOR- <TF I NL-TPROPU< I ) )/* TPROPU *  I  +  1 ) -TPROPU < I ) ) 

KF I NL -FACTOR**  KUU< 1+1 )-KUU< I )  ) +KUU < I ) 

C  CAP  <  SOL  I D  SUBSTRATE  MATERIAL) 

NPROP-NPROPU-1 
DO  600  I « 1  *  NPROP  t  1 

IF< < TTBL . GE. TPROPU< I ) ) . AND. < TTBL.LT . TPROPU< 1+1 ) ) )G0  TO  650 

600  CONTINUE 

UR  I TE  < 11 » 601 ) 

601  FORMAT  < '  TTBL  IS  OUT  OF  RANGE  FOR  PROPERTY  DATA') 

IRETUR-1 

RETURN 

650  CONTINUE 

FACTOR-*  TTBL- TPROPU< I )  )/<  TPROPU* 1  +  1 ) -TPROPU* I  )  ) 
KTBL-FACTOR*<KUU< 1+1 )-KUU< I ) ) +KUU< I ) 

C  x*  ******** 


C  VISCOSITY  VALUE  OBTAINED  AT  THE  MIXED-MEAN  COOLANT 
C  TEMPERATURE  <  BETUEEN  THE  CHANNEL  ENTRANCE  AND  EXIT) 

c*x**x**xx* 

NPROP-NPROPF-1 
DO  700  1*1  »  NPROP 

IF  <  <  TFLLAV . GE  .TPROPF (  I  )  )  . AND .  <  TFLLAV . LT . TPROPF  < 1  +  1  )  )  ) 
l  GO  TO  750 

700  CONTINUE 

UR I TE  < 11 »701  ) 

701  FORMAT* '  TFLLAV  IS  OUT  OF  RANGE  OF  PROPERTY  DATA  ') 
IRETUR-1 

RETURN 

750  CONTINUE 

FACTOR-*  TFLLAV- TPROPF* I ) )/ * TPROPF* 1  +  1 ) -TPROPF  *  I  )  ) 
MUFLLA-FACTOR**  MUFF  *1  +  1) -MUFF  *  I )  ) +MUFF < I ) 

C********** 
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C  VISCOSITY  VALUE  OBTAINED  AT  THE  HIXED-MEAN  COOLANT 

C  TEMPERATURE  (BETWEEN  THE  CHANNEL  ENTRANCE  AND  CHANNEL  POSITION  X) 

Ctttttttttt 

NPROP-NPRQPF-1 
DO  800  I»1fNPR0P 

IF ( (TFLXAV.GE.TPROPF( 1) ) .AND, (TFLXAV.LT .TPROPF (  I  +  1  )  )  ) 
i  GO  TO  850 


800 

CONTINUE 

URITE< 11 >801 ) 

001 

FORMAT ( '  TFLXAV  IS  OUT  OF  RANGE  OF  PROPERTY  DATA  ') 

I RETUR- 1 

RETURN 

i 

850 

CONTINUE 

FACTOR- (TFLXAV-TPROPF ( I ) )/< TPROPF < 1+1 ) -TPROPF ( I  )  ) 
HUFLXA-FACTOR*(MUFF( 1+1 ) -MUFF ( I ) )+MUFF ( I ) 

Ct  t 

******** 

C  VISCOSITY  VALUE  OBTAINED  AT  THE  AVERAGE  FIN 
C  TEMPERATURE  (BETWEEN  THE  CHANNEL  ENTRANCE  AND  EXIT) 

Ctttttttttt 

NPRQP-NPRQPF-1 
DO  900  I*1»NPR0P 

I F ( (TFILAV. GE. TPROPF ( I ) ) , AND . ( TF I  LA V . LT . TPROPF ( I  +  1 ) )  ) 
t  GO  TO  950 

900  CONTINUE 

WR I T E ( 1 1 »  90 1  ) 

901  FORMAT ( '  TFILAV  IS  OUT  OF  RANGE  OF  PROPERTY  DATA  ') 

I RETUR - 1 

RETURN 

950  CONTINUE 

FACTOR- (TFILAV-TPROPF( I ) ) /(TPROPF ( I  + 1  > -TPROPF ( I ) ) 
MUFILA»FACTOR*(MUFF(  14-1)  -  MUFF  (  I  )  )  +  MUFF  (  I  ) 

Ctttttttttt 

C  VISCOSITY  VALUE  OBTAINED  AT  THE  AVERAGE  FIN 

C  TEMPERATURE  (BETWEEN  THE  CHANNEL  ENTRANCE  AND  CHANNEL  POSITION  X) 

Ctttttttttt 


NPROP-NPROPF-1 
DO  1000  I-1fNPRQP 

I F (  (TFIXAV,GE. TPROPF ( I) ) .AND. (TFIXAV .LT . TPROPF ( 1  + 1 ) ) ) 
l  GO  TO  1050 
1000  CONTINUE 


URITE(IIfIOOI) 

1001  FORMAT ( *  TFIXAV  IS  OUT  OF  RANGE  OF  PROPERTY  DATA  ') 
IRETUR-1 
RETURN 

1050  CONTINUE 

FACTOR-(TFIXAV-TPROPF( I ) )/( TPROPF ( 1+1 ) -TPROPF ( I ) ) 
HUFIXA-FACTOR*(MUFF( I  +  1)-MUFF( I > )+MUFF(  I  ) 

RETURN 

END 

C  END  OF  FILE  FOR  SUBROUTINE  PROP 


c  resist: 

C 


WRITTEN  BY  RICHARD  J.  PHILLIPS. 
HYDRAULIC  PERFORMANCE. 


RESIST  COMPUTES  THE  THERMAL- 


C  NAME  DESCRIPTION  UNITS 

C  ACBYAP  ...  RATIO  OF  FREE-FLQW  TO  FRONTAL  CROSS-SECTIONAL 
C  AREAS  <-) 

C  ASPEC  ...  CHANNEL  ASPECT  RATIO  FOR  SMOOTH-CHANNEL 
C  F  AND  NU  CALCULATIONS  (-) 

C  ASPECT  ...  CHANNEL  ASPECT  RATIQ(FIN  LENGTH/CHANNEL  UIDTHX-) 
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C  ASP  I NV 
C  CPFF 
C  CPFLUL 
C  CPF L UX 
C  DE 
C  DELP 
C  DLE 
C  DTPUHL 
C 

C  DTPUhX 
C  DUhPHI 
C  EBYDE 
C  EFFL 
C  EFFX 
C  FI  rF2 
C 

C  FACT 
C  FACTX 
C  FACT Y 
C  FAPP 
C  F  I  NCR  I 
C  HL 
C  HX 
C  ICASE 
C  ICONS 
C  I  CLOSE 
C  I  FLOW 
C  IKLOSS 
C  IRETUR 
C  IX 
C  KC 
C  KE 
C  K90 
KFF 
KFINL 

KF  I  NX 

KFLUL 

KF  L  UX 

KTBL 

KTBX 

KUU 
L 

L  PLUS 
ML 
MX 

MUFF 
MUFILA 


MUFIXA 


MUFLLA 


INVERSE  OF  THE  CHANNEL  ASPECT  RATIO 
COOLANT  SPECIFIC  HEAT  DATA 
COOLANT  SPECIFIC  HEAT  AT  CHANNEL  EXIT 
COOLANT  SPECIFIC  HEAT  AT  POSITION  X 
HYDRAULIC  DIAMETER 
PRESSURE  DROP 

LAMINAR  EQUIVALENT  DIAMETER 

VISCOUS  HEATING  TEMPERATURE  RISE  AT  CHANNEL 
EXIT 

VISCOUS  HEATINO  TEMPERATURE  RISE  AT  POSITION 
FRICTION  FACTOR  CORRECTION  FOR  CHANNEL  SHAPE 
RATIO  OF  RIB  HEIGHT  TO  HYDRAULIC  DIAMETER 
FIN  EFFICIENCY  AT  CHANNEL  EXIT 
FIN  EFFICIENCY  AT  CHANNEL  POSITION  X 
ONE-SIDE  AND  TUO-SIDE  REPEATED-RIB  ROUGHENED 
FRICTION  FACTORS 

VARIABLE  PROPERTIES  COMPENSATION  FACTOR 
THERMAL  SPREADING  FACTOR  IN  X-DIRECTION 
THERMAL  SPREADINO  FACTOR  IN  Y-D IRECT ION 
APPARANT  FRICTION  FACTOR 
FIN  CRITERION 

HEAT  TRANSFER  COEFFICIENT  AT  CHANNEL  EXIT 
HEAT  TRANSFER  COEFFICIENT  AT  POSITION  X 
CASE  SELECTION  CONTROL  VARIABLE 
COOLANT  FLOW  CONSTRAINT 
ITERATION  CONTROL  VARIABLE 
FLOW  REGIME  INDICATOR 
CONTROL  FOR  INCLUDING  K90f  KC  AND  KE 
CONTROL  VARIABLE  FOR  OUT  OF  RANGE  PROP.  DATA 
CONTROL  VARIABLE  FOR  IF  X  OR  UC  IS  VARIED 
ENTRANCE  PRESSURE  LOSS  COEFFICIENT 
EXIT  PRESSURE  LOSS  COEFFICIENT 
NINETY  DEGREE  BEND  PRESSURE  LOSS  COEFFICIENT 
COOLANT  THERMAL  CONDUCTIVITY  DATA 
AVERAGE  FIN  THERMAL  CONDUCTIVITY  AT 
CHANNEL  EXIT 

AVERAGE  FIN  THERMAL  CONDUCTIVITY  AT 
POSITION  X 

COOLANT  THERMAL  CONDUCTIVITY  AT 
CHANNEL  EXIT 

COOLANT  THERMAL  CONDUCTIVITY  AT 
POSITION  X 

AVERAGE  SUBSTRATE  THERMAL  CONDUCTIVITY 
AT  CHANNEL  EXIT 

AVERAOE  SUBSTRATE  THERMAL  CONDUCTIVITY 
AT  POSITION  X 

SUBSTRATE  THERMAL  CONDUCTIVITY  DATA 
CHANNEL  LENGTH 
HYDRODYNAMIC  ENTRY  LENGTH 
FIN  ANALYSIS  PARAMETER  AT  CHANNEL  EXIT 
FIN  ANALYSIS  PARAMETER  AT  POSITION  X 
COOLANT  DYNAMIC  VISCOSITY  DATA 
AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  EXIT 
AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  FIN  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  POSITION  X 
AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 


(-) 

(J/KG  DEG  K) 
(J/KG  DEG  K) 
(J/KG  DEG  K) 
(M) 

( N/M*2 ) 


(  M  ) 

(DEG 

K) 

X(  DEG 

K) 

(  -  ) 

(  -) 

(-) 

(  -  ) 

i  t 

(  -) 

(-) 

(  -  ) 
(-) 

(U/M 

DFG 

K) 

(  U/M 

DEG 

K) 

(  -  ) 

(-  ) 

( -) 

( - ) 

( -) 

t  ) 

( - ) 

( - ) 

( - ) 

(  W/M 

DEG 

K  ) 

(  W/M 

DEG 

K  ) 

(  W/M 

DEG 

K  ) 

(W/M 

DEG 

K) 

(U/M 

DEG 

K  ) 

(  U/M 

DEG 

K  > 

(  U/M 

DEG 

K  > 

(  U/M 

DEG 

K  ) 

(  M  ) 

i  ) 

(1/M) 

(  1/M) 

(  KG/M 

S  ) 

(  KG/M 

S  ) 

(  KG/M 

S  ) 
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c 

C  MUFLUL  . 
C  MUFLUX  . 
C  MUFLXA  • 
C 
C 

C  HZL 
C  MZX 

C  NCHAN  • 
C  NFLUID  . 
C  NPARAL  . 

C 

C  NPROPF  . 
C  NPROPU  . 
C  NSINK  . 
C  NUL 
C  NUX 
C  NUTL 
C 

C  NUTX 
C 

C  PBYE 
C  PHI 

C  PPOUER  . 
C  PRFF 
C  PRFLUL  . 
C  PRFLUX  . 
C  Q 

C  RBFL 

C 

C  RBFX 

C 

C  RCL 
C 

C  RCX 
C  REL 
C  REX 

C  RESTAL  . 
C  RESTAX  . 
C  RFFL 
C 

C  RFFX 
C 

C  RHOFF 
C  RHOFLL  . 
C  RHOFLX  . 
C  RTBL 
C 
C 

C  RTBX 
C 

c 

C  RTOTL  . 
C  RTOTX  . 
C  T 
C  TBL 
C  TBX 

C  TFINL  . 
C  TF I  NX 
C  TFILAV  . 


CHANNEL  ENTRANCE  AND  EXIT 
COOLANT  DYNAMIC  VISCOSITY  AT  CHANNEL  EXIT 
COOLANT  DYNAMIC  VISCOSITY  AT  POSITION  X. 
AVERAGE  COOLANT  DYNAMIC  VISCOSITY  AT  THE 
AVERAGE  COOLANT  TEMPERATURE  BETWEEN  THE 
CHANNEL  ENTRANCE  AND  POSITION  X 
FIN  EFFICIENCY  VARIABLE  AT  CHANNEL  EXIT 
FIN  EFFICIENCY  VARIABLE  AT  POSITION  X 
NUMBER  OF  CHANNELS  PER  CENTIMETER  CHIP  WIDTH 
COOLANT  IDENTIFIER  NUMBER 

NUMBER  OF  CHANNELS  IN  SERIES  PER  CENTIMETER 
CHIP  WIDTH 

NUMBER  OF  COOLANT  DATA  ENTRIES 
NUMBER  OF  SUBSTRATE  DATA  ENTRIES 
SUBSTRATE  MATERIAL  INDENT  I F I ER  NUMBER 
NUSSELT  NUMBER  AT  CHANNEL  EXIT 
NUSSELT  NUMBER  AT  CHANNEL  POSITION  X 
NUSSELT  NUMBER  AT  CHANNEL  EXIT  INCUDING 
EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE 
NUSSELT  NUMBER  AT  CHANNEL  POSITION  X  INCUDING 
EFFECT  OF  NONUNIFORM  COOLANT  TEMPERATURE 
RATIO  OF  RIB  SEPARATION  TO  RIB  HEIGHT 
REPEATED-RIB  FLOW  ATTACK  ANGLE 
PUMPING  POWER  PER  UNIT  CIRCUIT  SURFACE  AREA 
COOLANT  PRANDTL  NUMBER  DATA 
COOLANT  PRANDTL  NUMBER  AT  CHANNEL  EXIT 
COOLANT  PRANDTL  NUMBER  AT  POSITION  X 
INPUT  HEAT  FLUX  FROM  THE  SURFACE 
FIN  AND  CHANNEL  BASE  TO  COOLANT  THERMAL 
RESISTANCE  AT  CHANNEL  EXIT 
FIN  AND  CHANNEL  BASE  TO  COOLANT  THERMAL 
RESISTANCE  AT  POSITION  X 
CONTRACTION  THERMAL  RESISTANCE  AT 

CHANNEL  EXIT  .  ( 

CONTRACTION  THERMAL  RESISTANCE  AT  POSITION  X( 
REYNOLDS  NUMBER  AT  CHANNEL  EXIT 
REYNOLDS  NUMBER  AT  POSITION  X 
MODIFIED  REYNOLDS  NUMBER  AT  CHANNEL  EXIT 
MODIFIED  REYNOLDS  NUMBER  AT  POSITION  X 
COOLANT  BULK  TEMPERATURE  RISE  THERMAL 
RESISTANCE  AT  CHANNEL  EXIT 
COOLANT  BULK  TEMPERATURE  RISE  THERMAL 
RESISTANCE  AT  POSITION  X 
COOLANT  DENSITY  DATA 
COOLANT  DENSITY  AT  CHANNEL  EXIT 
COOLANT  DENSITY  AT  POSITION  X 
CIRCUIT  SIDE  OF  THE  SUBSTRATE  TO  THE  FIN 
AND  CHANNEL  BASE  THERMAL  RESISTANCE 
AT  CHANNEL  EXIT 

CIRCUIT  SIDE  OF  THE  SUBSTRATE  TO  THE  FIN 
AND  CHANNEL  BASE  THERMAL  RESISTANCE 
AT  POSITION  X 

TOTAL  THERMAL  RESISTANCE  AT  CHANNEL  EXIT 
TOTAL  THERMAL  RESISTANCE  AT  POSITION  X 
SUBSTRATE  THICKNESS 

FIN  BASE  TEMPERATURE  AT  CHANNEL  EXIT 
FIN  BASE  TEMPERATURE  AT  POSITION  X 
AVERAGE  FIN  TEMPERATURE  AT  CHANNEL  EXIT 
AVER AOE  FIN  TEMPERATURE  AT  POSITION  X 
AVERAGE  FIN  TEMPERATURE  MIDWAY  BETWEEN 


<  KG/M  S) 

<  KG/M  S> 

<  KG/M  S> 


(KG/M  S> 

(  -) 

(-) 

<-) 

<  -) 

(-) 

(-> 

(-) 

(-) 

(-) 

(-) 

(-) 

(-> 

<-> 

(DEGREES) 
( W/CM*2> 
(-) 

(-) 

(-) 

(W/CM*2> 


(DEG  K/(W/M*2>> 


( DEG  K/( W/M*2> ) 


K/( W/M*2> ) 
K/( W/M*2> ) 


DEG 

DEG 

(-> 
<  -) 
(-) 
(-) 


(DEG  K/(W/M*2) ) 


DEG  K/( W/M*2> > 
( KG/M*  3 ) 

( KG/M  *  3 ) 

<  KG/M* 3 ) 


(DEG  K/(W/M*2> ) 


DEG 

DEG 

DEG 


K  /  <  W  /  M  *  2  )  ) 
K/( W/M*2> > 
K/< W/M*2> ) 


(M) 

(  DEG 

K> 

(DEG 

K) 

(  DEG 

K) 

(DEG 

K) 
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C 

C 

C 

C 


C 

C 

C 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


c 


THE  CHANNEL  ENTRANCE  AND  CHANNEL  EXIT 

(DEG 

K  ) 

TFIXAV 

•  ft 

AVERAGE  FIN  TEMPERATURE  MIDUAY  BETWEEN 

THE  CHANNEL  ENTRANCE  AND  POSITION  X 

(DEG 

K  ) 

TFLLAV 

•  t  ♦ 

AVERAGE  COOLANT  TEHPERATURE  MIDUAY  BETWEEN 

THE  CHANNEL  ENTRANCE  AND  CHANNEL  EXIT 

(DEG 

K) 

TFLUIN 

t  t  t 

COOLANT  INLET  TEMPERATURE 

(DEG 

K) 

TFLUL 

t  •  t 

COOLANT  MIXED  MEAN  TEMPERATURE  AT 

CHANNEL  EXIT 

(DEG 

K) 

TFLUO 

•  •  • 

OUTLET  COOLANT  TEMPERATURE 

(DEG 

K  > 

TFLUX 

ft# 

COOLANT  MIXED  MEAN  TEMPERATURE  AT 

POSITION  X 

(DEG 

K) 

TFLXAV 

*  «  1 

AVERAGE  COOLANT  TEMPERATURE  MIDUAY  BETWEEN 

THE  CHANNEL  ENTRANCE  AND  POSITION  X 

(DEG 

K  ) 

TPROPF 

ft* 

TEMPERATURES  FOR  FLUID  PROPERTY  DATA 

(DEG 

K) 

TPROPU 

TEMPERATURES  FOR  SUB8TRATE  PROPERTY  DATA 

(DEG 

K) 

TRANS 

TRANSITION  REYNOLDS  NUMBER 

(-> 

TTBL 

#  t  ft 

AVERAGE  SUBSTRATE  TEMPERATURE  AT 

CHANNEL  EXIT 

(DEG 

K  > 

TT  BX 

•  •  • 

AVERAGE  SUBSTRATE  TEMPERATURE  AT 

POSITION  X 

(DEG 

K  ) 

TT  I  PX 

•  *  ft 

FIN  TIP  TEMPERATURE  AT  POSITION  X 

(DEG 

K  > 

TTL 

t  4  • 

TOP  SURFACE  (CIRCUIT  SIDE)  TEMPERATURE 

AT  CHANNEL  EXIT 

(DEG 

K) 

TTX 

TOP  SURFACE  (CIRCUIT  SIDE)  TEMPERATURE 

AT  POSITION  X 

(DEG 

K) 

VOLUME 

COOLANT  FLOW  RATE  PER  CHANNEL  ( ( M*3/S ) /CM*2 

V 1  CL 

COOLANT  FLOW  VELOCITY  AT  CHANNEL  EXIT 

(M/S) 

V1CX 

•  ft  * 

COOLANT  FLOW  VELOCITY  AT  POSITION  X 

(M/S) 

u 

#  •  t 

WIDTH  OF  HEATER  TRANSVERSE  TO  FLOW  DIRECTION 

(M) 

uc 

#  •  # 

CHANNEL  WIDTH 

(M) 

uu 

FIN  WIDTH 

( M  > 

UUBYUC 

♦  •  * 

RATIO  OF  FIN  WIDTH  TO  THE  CHANNEL  WIDTH 

(-) 

X 

t  1  • 

POSITION  FROM  CHANNEL  ENTRANCE 

(M) 

XSTARL 

♦  «  # 

THERMAL  ENTRY  LENGTH  AT  CHANNEL  EXIT 

(-) 

XSTARX 

THERMAL  ENTRY  LENGTH  AT  POSITION  X 

(-) 

Y 

•  t  # 

DISTANCE  FROM  ONE  TRANSVERSE  SIDE  OF  HEATER 

(M) 

Z 

FIN  HEIGHT 

(M) 

ZI 

t  t  t 

REPEATED-RIB  SHAPE  ANGLE 

(DEGREES) 

SUBROUTINE  RE SI  ST ( NCURVE f I CASE » I  FLOW » IX f 
X  QrUC  tUUvXtL’T  » ASPECT  f ASPINV f Z f DE f DLE f ACBY AP ? 
t  I KLOSS 9  ICONS f  DELPf VOLUME  f PPG WERf 
l  EBYDE  f  PBYE  f PHI fZIf 

t  TFLUINf NPROPFf TPROPFf CPFFf KFF f MUFF f PRFF f RHOFF f 
X  NPROPUf  TPROPW»KUUf 

X  IRETURfTTXfTBXf TT I PX f TFLUO f DTPUML f DTPUMX f 

t  TFINLf TFLULf TTBL f TF INX f TFLUX f TTBX f TFLLAV f TFLXAV f TFILAV r TFIXAVr 
l  CPFLULf KFLULfMUFLULf PRFLUL  fRHOFLLf MUFLLA f MUF I L A f KF I NL  fKTBLi 
l  CPFLUXfKFLUXfMUFLUXfPRFLUXfRHOFLXfMUFLXAfMUFIXAfKFINXfKTBXf 
X  NUXfNUTXfV1CXfK?0fKCfKEfFAPPfFINCRIfEFFXf 
l  TRANS f REX f  REST AX f  XSTARX  fLPLUSf 
X  RTBXfRCX  fRBFXfRFFXfRTOTX) 

INITIALIZE  VARIABLE  ARRAYS 

DIMENSION  TTX ( 2 ) > TBX ( 2 ) f TT I PX ( 2 > f TFLUO (2) f 
X  TPROPF ( 20 )  f CPF F ( 20 )  f  KFF ( 20 )  f MUFF (20)  p PRFF (20)  r  RHOFF  <  20 ) f 

l  TPROPW ( 20 ) 9 KUU ( 20 ) 

REAL  LfK90»KC»KEfKUU, KFFtMUFFfNULtNUXf NUTL»NUTXrMLrMXfMZLrMZXr 
X  LPLUSfNCHANfNPARALf 

l  KFINL  fKFLUL  fKTBLfKFINXfKFLUX  fKTBX f 

X  MUFLUL  fMUFLUX  fMUFLLA  »  MUFLX A  r MUF I L A  f MUF I X A 
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C  INITIALIZE  TEMPERATURES  TO  EQUAL  INLET  COOLANT  TEMP.  -  FIRST  ITERATION 
DO  15  I ■ 1 »  2  »  1 

TTX ( I ) »TFLUIN 
T  BX ( I)*TFLUIN 
T T  I  PX  (  I  )  **TFLU  I N 
TFL  UO  <  I  )*TFLUIN 
15  CONTINUE 

TFLUX*TFLUIN 

TFINX*TFLUIN 

TTBX*TFLUIN 

TFLUL-TFLUIN 

TFINL-TFLUIN 

TTBL=TFLUIN 

TFLLAV-TFLUIN 
TF I L AV*T  FL  U I N 
TFLXAV-TFLUIN 
TFIXAV*TFLUIN 
IITER*0 

100  CONTINUE 

1 1  TER* 1 1  TER+  1 

C  DETERMINE  COOLANT  AND  SUBSTRATE  PROPERTIES 

CALL  PROP<NPROPFrTPROPF  r CPF FrKFFr MUFF rPRFFrRHOFF  r 
l  NPROPWrTPROPWr KUUr 

l  TFLUXrCPFLUXrKFLUXr MUFL UX rPRFLUX rRHOFLXr 

X  TFINXr  KFINXrTTBXrKTBXr 

l  TFLUL  rCPFLUL  rKFLUL  r MUFLUL  r PRFLUL  rRHOFLL  r 

l  TFINLr KFINL  rTTBL  rKTBL  » 

X  TFLLAVrMUFLLAr TFLXAVr MUFLXAr 

X  TFILAUr MUFILAr TFIXAVt MUFIXAr IRETUR ) 

IF (  IRETUR.EQ.  1  )  RETURN 

COMPUTE  FRICTION  FACTOR  AND  COOLANT  VELOCITY 

IF  THE  CHANNEL  ASPECT  RATIO  IS  LESS  THAN  1.0*  FAKE  OUT  THE 
SMOOTH  SURFACE  F  AND  NU  CALCULATION  ROUTINES  BY  USING  ASPINV 
AS  THE  CHANNEL  ASPECT  RATIO. 

I F ( ASPECT . GE . 1 . 0 ) ASPEC» ASPECT 
IF (ASPECT .LT . 1 .  Q)ASPEC-ASPINV 

IF ( ICASE . EO . 1 ) 

XC ALL  SFFD(  IFLOWf WUf WC*Z*L*X*  D  E  r  A  S  P  E  C  r  A  C  B  Y  A  P  * 

X  RHOFLLr RHOFLXr MUFLUL  *  MU FLUX  *  MUFL  L A  r MUF I  LA  * 

X  PRFLUL  r PRFLUXr IKLOSSr ICONS  *  DELP* VOLUME  *  PPOUER  * 

X  REL  rREX  rVICLrViCX  rLPLUS r  FAPPr  XSTARL  *  XSTARX ) 

IF ( ( I  CASE , EO , 2 ) .AND,  (  IFLOW . EO . 1 )  ) 

X CALL  SLAMF ( I FLOW  * UU * UC * Z * L *  X  * DE * ASPEC *  AC B Y AP r 
X  RHOFLLr RHOFLXr MUFLUL  rMUFLUXr MUFLLA r MUF I  LA  * 

X  PRFLUL  rPRFLUX r I KL OSS  *  ICONS  *  DELP *  VOLUME r  PPOUER * 

X  RELrREXrVICLr VICXrLPLUSr FAPPr XSTARL rX STAR X) 

IF< ( ICASE. EQ. 2)  .AND,  (  IFL0U.EQ.2)  ) 

XCALL  STURF( IFLOUrUUrUCr ZrLrXr DEr DLEr ASPECr ACPYAPr 
X  RHOFLLrRHOFLXr MUFLUL r  MUFL UX  r MUFLLA r MUF I  LA . 

X  PRFLUL  rPRFLUX  r IKLOSS r I  CONS r  DELP r  VOLUME  r PPO UER  r 

X  REL  rREX r REST AL  r RE STAX  r VI  CL  r  V 1 CX  r L PLUS  r F APP . 

X  XSTARL rXSTARX) 

I  F (  ICASE. EO. 3) 

XCALL  RTURF( IFLOUrUUrUCr ZrLrXr DEr DL E r ASP E C T r AC B Y A P r 
X  RHOFLL  rRHOFLX  rMUFLUL  rMUFLUX  r  MUFLLArMUFlLA  r 

X  PRFLUL  »  PRFLUX  r I KLOSS  r ICONS  r  DELP  »  VOLUME  r PPOUER  » 
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t  RELfREX  f V1CL  fOICX  f  REST AL  fRESTAXfLPLUSfFI f  F  2  f  F APP • 

t  XSTARLfXSTARXf IRETUR f E BY DEfPB YE fZI f  PH  I ) 

IF  < IRETUR .EQ. 1 >RETURN 

COMPUTE  TRAMS  I T I  OH  REYNOLDS  NUMBER  -  SEE  TABLE  2.1 

IF< ASPECT. LE. 0.2) TRANS-2300. 

IF<  < ASPECT. GT.O. 2) .AND. < ASPECT . LT . 1 . 0 ) ) 
l  TRANS* <  < ASPECT-0.2>/< 1 .0-0.2) ) *(2200.-2500. >+2300 

I F  < < ASPECT. OT. 1 .0) .AND. < ASPECT . LT . 5 . 0 ) ) 
t  TRANS- ( (ASPECT-1 .0)/ (3.0-1 .0) >*(2300.-2200. )+2200 

IF( ASPECT. GE. 5.0) TRAN8 -2500. 

COMPUTE  NUSSELT  NUMBER 
IF ( ICASE . EQ . 1 > 

1C ALL  SNUFD( ASPECfNULfNUX.NUTLfNUTXf 
t  MUFILAfMUFIXAfMUFLLAfMUFLXAf IRETUR) 

IF ( ( ICASE. EQ.2) .AND. ( IFLOU.EQ.  1 )  ) 
tCALL  SLAMNU(ASPECfMUFLLAfMUFILAfXSTARLfNULfNUTLf 
t  MUFLXAfMUFIXAfXSTARXfNUXfNUTX) 

I F ( < I  CASE. EQ.2) .AND.  ( IFLOU.EQ.  2)  ) 
tCALL  STURNU(MUFLLAfMUFILA.PRFLULfRELfNULfNUTLf 
t  MUFLXAfMUFIXAfPRFLUXfREXfNUXfNUTXfDEfLfX) 

I F ( ICASE . EQ . 3 ) 

tCALL  RTURNU( ASPECT fEBYDEfZI f MUFLLA f MUF I L A f PRFLUL  f REL  f  F2f 
t  NULfNUTLfNUXfNUTX) 

COMPUTE  HEAT  TRANSFER  COEFFICIENT 
HL-NUTLtKFLUL/DE 
HX»NUTX*KFLUX/DE 
IF( ASPECT.LT. 0.1)00  TO  1010 

COMPUTE  FIN  CRITERION  -  EQN.  3.7 
FINCRI-2.*KFINX/(HX*WU> 

IF(FINCRI .LE. 6.0) RETURN 

COMPUTE  FIN  EFFICIENCY  -  SEE  EQN.  3.13 
ML»SQRT( (HL*2.  >/ (KFINLtUU)  ) 

MX -SORT ( (HX*2. ) / ( KF INXSUU ) ) 

MZL-ML*Z 

MZX-MXtZ 

EFFL*(TANH(MZL) )/(MZL) 

EFFX«(TANH(MZX) )/(MZX) 

010  CONTINUE 

COMPUTE  THERMAL  RESISTANCES 
IF( ICASE .EQ. 1 >00  TO  1100 
IF( ASPECT .OE. 10. >00  TO  1100 

IF ( (ASPECT .GE.0. 1 ) .AND. (ASPECT.LT . 10  .) )G0  TO  1200 
IF(ASPECT.LE. 0.1)00  TO  1300 
1100  CONTINUE 

C  LARGE  ASPECT  RATIO  CHANNELS  EQN.  4.11 

RTBL-T/KTBL 

RCL-(UU+UC>/(3. 1 4 1 59SKTBL ) * 
t  ALOO( 1 . /SIN(3. 1413?*<UU/2. >/ (WU  +  WC) >  > 
RBFL-(UU+UC>/(2.*HL*Z*EFFL> 

RFFL-(L*(UU  +  UC>  > / ( RHOFLL*CPFLUL*Z*UC*V 1  CL ) 
RTOTL-RTBL+RCL+RBFL+RFFL 
C 

RTBX-T/KTBX 

RCX-(UU+UC>/<3. 14159*KTBX>* 
t  ALOG ( 1  , /  S IN (  3 . 14159XUU/2.  )/< WU  +  WC  > )  > 
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RBFX»< UU+UC )/<2.*HX*Z*EFFX) 

RFFX»(X*(UW+UC ) )/<RHOFLX*CPFLUX*UC*Z*VlCX) 

RTOTX-RTBX+RCX+RBFX+RFFX 
00  TO  1400 
1200  CONTINUE 

C  MODERATE  ASPECT  RATIO  CHANNELS  -  EON.  4.12 

RTBL-T/KTBL 

RCL*(UU+UC)/<3. 14159*KTBL>* 
t  AL0G ( 1 • /S I N ( 3 • 14139*<UU/2. )/(UU+UC) ) ) 

RBFL- ( UU+UC )  /  ( (HL*UC)+(2.*HL*Z*EFFL) ) 

RFFL* ( L* ( UU+UC ) )/(RH0FLL*CPFLUL*UC*Z*VlCL ) 

RTOTL-RTBL+RCL+RBFL+RFFL 

RTBX-T/KTBX 

RCX»(UU+UC)/<3. 14139*KTBX)» 
t  AL00 ( 1 . /S I N ( 3 • 14159*(UU/2. )/ (UU+UC) ) ) 

RBFX- (UU+UC )/< <HX*UC)+(2.*HX*Z*EFFX) ) 

RFFX* <X*< UU  +  UC  ) )/ (RH0FLX*CPFLUX*UC*Z*V1CX) 

DIVIDE  BY  TUCKERMANS  CONVERSION  FOR  NON-UNIFORM  HEAT  TRANSFER  COEFF. 
RFFX-RFFX/EFFX 
RTOTX-RTBX+RCX+RBFX+RFFX 
GO  TO  1400 
00  CONTINUE 

SMALL  ASPECT  RATIO  CHANNELS  -  EON.  4.13 
RTBL-T/KTBL 
RCL-O. 

RBFL- 1 . /HL 

RFFL=L/<RH0FLL*CPFLUL»Z*V1CL> 

RTOTL-RTBL+RCL+RBFL+RFFL 

RTBX-T/KTBX 
RCX=0 . 

RBFX-1 ,/HX 

RFFX«X/(RH0FLX*CPFLUX»Z1V1CX) 

RTOTX-RTBX+RCX+RBFX+RFFX 
400  CONTINUE 

SEE  IF  THERMAL  SPREADING  IS  TO  BE  INCLUDED 
IFdX.EQ.  1)G0  TO  1430 

NOTE  THAT  THERMAL  SPREADING  CALCS.  ARE  VALID  FOR  CONSTANT  PROPERTIES. 
AND  CONSTANT  Hr  BUT  THEY  ARE  DONE  AT  EACH  INDIVIDUAL  CHANNEL  LOCATION 
BASED  ON  THE  LOCAL  VALUES  AND  NOT  THE  AVERAGE  VALUES.  THE  USER  MAY 
FIND  IT  PREFERABLE  TO  RUN  THE  PROGRAM  ONCE.  COMPUTE  AN  AVERAGE 
NUSSELT  NUMBER  ALONG  THE  CHANNEL  (USE  DATA  FROM  FILE  MICROHEX . 0UTPUT2 ) 
AND  TO  USE  THIS  AVERAGE  VALUE  FOR  ALL  THERMAL  SPREADING  CALCULATIONS. 
NOTE  THAT  ONLY  0.5  TIMES  THE  BRACKETED  TERMS  OF  EQN.S  3.19  AND  3.20 
ARE  USED  TO  COMPUTE  THE  DIMENSIONLESS  TEMPERATURE  CHANGE.  SINCE 
THE  THERMAL  SPREADING  DIFFUSION  LENGTH  GETS  SMALLER  UITH  INCREASING 
NUSSELT  NUMBER.  THE  'APPARENT'  THERMAL  RESISTANCE  GOES  UP!  THIS  IS 
BECAUSE  THE  OTHER  TERMS  IN  EQN.S  3.19  AND  3.20  UERE  NOT  USED. 

NOTE  ALSO  THAT  THE  PROPERTIES  AND  TEMPERATURES  AT  THE  CHANNEL  EXIT 
LISTED  IN  MICROHEX. 0UTPUT4  DO  NOT  ACCOUNT  FOR  THERMAL  SPREADING. 

BUT  THE  LOCAL  VALUES  DO 
FACTX-1  . 

FACTY-1 . 

THERMAL  SPREADING  FOR  CALCULATIONS  TRANSVERSE  TO  THE  CHANNEL  LENGTH 
HEFF  =  T+(UU*Z/( UU  +  UC)  ) 

HEFF  =  T 
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DLT»SQRT( (DE*KTBX*HEFF*(WU+WC) ) / ( NUX*KFLUX* < UC  +  Z  +  Z  )  )  ) 

C  -  FINITE  WIDTH  OF  COOLING  PERIPHERY  (NOT  DISCUSSED  IN  TEXT  OF  THESIS) 
C  WC0MP»1.0000 

C  WRES»0.0025 

C  YRES-O. 00125 

C  TML1»TANH(WRES/DLT) 

C  TML2*TANH(WC0MP/DLT) 

C  C4»( l./TML2)*<  1  ./< 1  .  +  <THL1/TML2> ) ) 

C  F  ACT Y» (  1  .  4-C4*(SINH(  YRES/DLT)-  (TML1*C0SH(  YRES/DLT  )  >  >  > 

C  t  *( 1 . +  C4* <SINH< YRES/DLT) -< TML1 *COSH( YRES/DLT) )) ) 

C  -  INFINITE  WIDTH  OF  THE  COOLING  PERIPHERY 
C 

C  THE  NEXT  TWO  VARIABLES  SHOULD  HAVE  BEEN  INCLUDED  IN  THE  MICROHEX 

C  DATA  STATEMENTS »  W  IS  THE  TRANSVERSE  HEATER  WIDTH.  AND  Y  IS  THE 

C  TRANSVERSE  DISTANCE  FROM  THE  HEATER  EDGE  FOR  THE  CALCULATION. 

W-0.010 
Y=0 . 005 

FACTY-< 1 . -(0. 5/EXP ( Y/DLT ) )>*(l.-(0.5/EXP((W-Y)/DLT)>) 

C  THERMAL  SPREADING  FOR  CALCULATIONS  ALONO  THE  CHANNEL  LENGTH 
HEFF*T+(WW*Z/(WW+WC) ) 

DLS*SQRT( (DE*KTBX*HEFF*(WW+WC) >/(NUX*KFLUX*(WC+Z+Z))) 

C  -  FINITE  WIDTH  OF  COOLING  PERIPHERY  (NOT  DISCUSSED  IN  THESIS) 

C  WCOHP* 1 . 0000 

C  WRES=L 

C  XRES*X 

C  TML1»TANH(WRES/DLS) 

C  TML2»TANH(WC0MP/DLS) 

C  C4«( 1  ./TML2>*(  1 ./(  1  .  +  ( TML 1/TML2 ) ) ) 

C  FACT  X» ( 1 . +C4*(SINH(XRES/DLS)-(TML1*C0SH(XRES/DLS>  ) ) > 

C  l  *( l.+C4*(SINH( (L-XRES)/DLS)-(TML1*C0SH( ( L-XRES ) /DLS ) ) ) ) 

C  -  INFINITE  WIDTH  OF  THE  COOLING  PERIPHERY 

FACTX» ( 1 . -(0 .5/EXP (X /DLS) ))*(l.-(0.5/EXP((L-X)/DLS))> 

C  CHANGE  THE  THERMAL  RESISTANCE  VALUES  TO  ACCOUNT  FOR  THERMAL  SPREADING 
RTBX»FACTX*FACTY*RTBX 
RCX»FACTX*FACTY*RCX 
RBFX-FACTX*FACTY*RBFX 
RFFX*RFFX 

RTOTX-RTBX+RBFX+RCX+RFFX 
1450  CONTINUE 

VISCOUS  HEATING  COOLANT  TEMPERATURE  RISE 
C  DETERMINE  ENTRANCE  AND  EXIT  PRESSURE  LOSS  COEFFICIENTS 

IF ( ICASE . EG . 1 ) 

1C ALL  ABRUPT (ACB YAP. ASPECT , I  FLOW. I KLOSS . KC . KE . K90 . 99  99 . ) 

IF ( ICASE .NE . 1  ) 

1C ALL  ABRUPT ( AC BY AP . ASPEC T , I FLOW . I KLOSS . KC . KE . K90 . LPLUS ) 

I F ( I  FLOW . EO . 1 )FACT-(MUFILA/MUFLLA)**0.5B 
IF(  IFL0W.EQ.2)FACT-(MUFILA/MUFLLA) **0.25 
DELPL-(RH0FLL*VlCL*VlCL/2. >*((ACBYAP*ACBYAP*1.*K90>+ 

1  (KC  +  KE)  +  (4.*FAPP*FACT*L/DE>  ) 

C  COMPUTE  TEMPERATURE  RISE  -  EQN .  2.22 
DTPUML-DELPL/ (RHOFLL*CPFLUL) 

IF( I FLOW. EQ. 1 )FACT-(MUFIXA/HUFLXA) **0 .58 
IF ( I  FLOW. EO. 2) FACT* ( HUFI XA/MUFLXA ) **0 . 25 
DELPX=(RH0FLX*VlCX*VlCX/2. )*( (ACBYAP*ACBYAP*1 .*K90)+ 

*  < KC+KE > + ( 4 . *F APP*F ACT* X/DE > > 

C  COMPUTE  TEMPERATURE  RISE  -  EQN.  2.22 
DTPUMX»DELPX/(RHOFLX*CPFLUX) 

C  COMPUTE  NEW  TEMPERATURES 

CALL  TEMPS (TTX.TBX.TT IPX. TFLUIN.TFLUO. 
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t  TFLULf TFLUX»TFINLfTFINX»TTBLf TTBXf 

t  TFLLAVf  TFLXAV»TFILAV»  TFIXAVf 

t  RTBL  » RBFL iRFFLtRTOTL  fRTBXf RBFXtRFFX»RTOTXf 

1  Q,DTPUMLrDTPUMX,MZL*EFFLf MZXtEFFXt I  CLOSE) 

C  CHECK  IF  ANOTHER  ITERATION  IS  NEEDED 
IF ( I CLOSE . EQ • 1 ) GO  TO  100 
C  CHECK  IF  REYNOLDS  NUMBER  IS  OUT  OF  RANGE 
IF ( I  CASE . EQ . 1 ) IRETUR=0 

I F ( (  I  FLOW. EQ. 1 ) .AND. < REX . GT . TR ANS ) ) I  RET UR= 1 
IF( (  I  FLOW  »  EQ • 2 ) .AND. < REX . LE . TR ANS ) ) I  RET UR  =  1 

I F ( ( I FLOW . EQ . 3 ) .AND. ( ( REX .LT . 3000 . ) .OR . (REX .GT . 10000 . ) ) ) IRETUR=1 
CHECK  IF  THERMAL  ENTRY  LENGTH  IS  OUT  OF  RANGE 

IF( ( REX.LT.TR ANS)  .AND. ( XST ARX . L T . 0 . 0025 ) )IRETUR=1 
IF ( (REX.GT . TRANS) . AND. ( XST ARX . L T . 0 . 00 1 ) ) IRETUR=1 
CHECK  IF  FIN  CRITERION  IS  NOT  SATISFIED 

I F ( ( ASPECT .GT .0.1) .AND .(FINCRI.LE.6.0)  )  I  RET  UR* 1 
RETURN 
END 

END  OF  FILE  FOR  SUBROUTINE  RESIST 


file:  mhex  exec 


FILEDEF 

1  1 

DISK 

MICROHEX 

0UTPUT1 

(RECFM 

FB 

LRECL 

132 

BLOCK 

1320 

FILEDEF 

13 

DISK 

MICROHEX 

0UTPUT2 

(RECFM 

FB 

LRECL 

132 

BLOCK 

1320 

FILEDEF 

15 

DISK 

MICROHEX 

0UTPUT3 

( RECFM 

FB 

LRECL 

132 

BLOCK 

1320 

FILEDEF 

17 

DISK 

MICROHEX 

OUTPUT  4 

(RECFM 

FB 

LRECL 

132 

BLOCK 

1320 

FILEDEF 

20 

DISK 

DISSPLA 

MESSAG  D< 

:  RECFM 

FB 

LRECL 

132 

BLOCK  1 

320 

EXEC  DISSPLA  MICROHEX 
*  THE  LINE  ABOVE  CAN  BE 

REPLACED 

WITH  ' 

RUN 

MICROHEX ' 

IF  THE 

*  DISSPLA  GRAPHICS  PACKAGE  IS  NOT  USED  (FILDEF  20  . . .  WILL  NOT  BE 

*  NEEDED  IF  DISSPLA  IS  NOT  USED). 
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APPENDIX  F 

MICROHEX  NUMERICAL  RESULTS  FOR  THE  REFERENCE  CASE 


This  appendix  contains  the  listing  of  the  files  MICROHEX  OUTPUT1-4,  that  were  com¬ 
puted  for  the  reference  case  heat-sink  design.  MICROHEX  OUTPUT1  is  provided  as  Table  F-l, 
and  MICROHEX  OUTPUT2  is  provided  as  Table  F-2.  Portions  of  MICROHEX  OUTPUT3 
and  MICROHEX  OUTPUT4  are  respectively  provided  as  Tables  F-3  and  F-4.  The  entire  listings 
of  these  latter  two  files  were  not  provided  since  the  values  for  all  channel  widths  are  the  same 
due  to  the  assumed  heating  rate  (q"  -  0  W/cm2).  See  the  comment  header  block  at  the  beginning 
of  subroutine  RTOTAL  for  a  description  of  the  variable  names. 

The  reader  will  note  that  some  of  the  values  listed  for  the  analysis  variables  here  are  slightly 
different  from  those  presented  in  Section  4.5.2.  The  small  differences  are  due  to  using  the 
rounded  values  for  the  coolant  and  heat  sink  properties  (listed  in  Section  4.5.2)  for  the  “hand 
calculator”  results  listed  there. 

The  author  regrets  that  more  sample  output  file  listings  could  not  be  provided  due  to  space 
limitations. 
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